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ABSTii ACT 
T h i s  t h e s i s  d e s c r i b e s  a h i g h - l e v e l  c o m p u t e r  p rogramming  
l a n g u a g e ,  c a l l e d  SAHPLE, a n d  a p a r a l l e l  p r o c e s s i n g  systcm 
t o  i m p l e m e n t  t h e  l a n g u a g e .  SAEPLE b e l o n g s  ta t h e  c l a s s  of 
s i n g l e - a s s i g n m e n t  l a n g u a g e s ,  w h i c h  h a v e  t h e  p r o p e r t y  t h a t  
s t a t e m e n t s  are n o t  n e c e s s a r i l y  e x e c u t e d  i n  t h 3 i r  o r d e r  of 
appearance i r k  t h e  p r o g r a m ;  r a the r ,  each statement is 
t r i g g e r e d  by t h e  r e a d i n e s s  of t h e  d a t a  o n  w h i c h  i t  d e p e n d s ,  
B e c a u s e  of this p r o p e r t y ,  s i n g l e - a s s i g n m e n t  l a n g u a g e s  a r e  
well a d a p t e d  €or p a r a l l e l  p r o c e s s i n g .  
R u l e s  a re  g i v e n  for c o m p i l i n g  SAMPLE p r o g r a m s  into 
m a c h i n e - l e v e l  i n s t r u c t i o n s ,  a n d  a m a c h i n e  o r g a n i z s t i o n  i s  
d e s c r i b e d  t o  e x e c u t e  t h e  r e s u l t i n g  code. D u r i n g  e x e c u t i o n  
of a program, many processors are a c t i v e  s i m u l t a n e o u s l y ,  
each with its own i n d e p e n d e n t  i n s t r u c t i o n  s t r e a m ,  
E x p a n d a b i l i t y  and g r a c e f u l  d e g r a d a t i o n  a r e  i n t r i n s i c  
p r o p e r t i e s  of the s y s t e m  o r g a n i z a t i o n .  
Some e x p e r i m e n t s  are d e s c r i b e d  w h i c h  s imulate  the 
b e h a v i o r  of t h e  p r o p o s e d  s y s t e m  a n d  c o m p a r e  i t  w i t h  3 
c o n v e n t i o n a l ,  s i n g l e - p r o c e s s o r  s y s t e m .  It i s  c o n c l u d e d  
t h a t  t h e  propcqsed  s y s t e m  offers a s p e e d  a d v a n t a g e  ove r  a 
c o n v e n t i o n a l  s y s t e m ,  a t  t h e  e x p e n s e  of i n c r e a s e d  processor 
costs a n d  memory r e g u i r e m e n t s ' .  
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CHAPTER ONE 
I NTRODUCTIO N 
D E F I N I T I O N  OF THE PROBLEM 
T h i s  t h e s i s  describes a m e a n s  of o r g a n i z i n g  a d i g i t a l  
c o m p u t e t  s y s t e m  f o r  p a r a l l e l  p r o c e s s i n g .  For our p u r p o s e s ,  
p a r a l l e l  p r o c e s s i n g  is d e f i n e d  as the simultaneous use of 
more t h a n  one p r o c e s s i n g  u n i t  i n  p r o c e s s i n g  a computer 
p r o g r a m .  D e p e n d i n g  OF t h e  d e t a i l s  of its o r g a n i z a t i o n ,  
a p a r a l l e l  c p m p u t i n g  s y s t e m  may h a v e  a n y  of t h e  following 
a d v a n t a g e s :  
1. Its net speed i n  processing a g i v e n  p r o g r a m  may b e  
faster t h a n  that of a system w i t h  only one 
p r o c e s s o r .  
2, Its o r g a n i z a t i o n  may be more f l e x i b l e  t h a n  t h a t  of 
a single-processor system. For example,  more 
processors, and h e n c e  more c o m p u t i n g  power ,  may De 
a d d e d  w i t h o u t  c h a n g i n g  t h e  b a s i c  o r g a n i z s  tiori of 
t h e  s y s t e m .  
3. In t h e  event  of a f a i l u r e ,  o t h e r  c o 3 n p o n e n t s  may be 
able t o  t a k e  o v e r  the function of t h e  f a i l e d  
component, r e s u l t i n g '  i n  a " g r a c e f u l  d e g r a d s t i o n "  
of p e r f o r m a n c e  
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r i l ,  T h e  d u p l i c a t i o n  of i d e n t i c a l  p a r t s  may a f f o r d  soms 
mies of sca le  i n  c o n s t r u c t i o n  of the s y s t e m ,  
ill d e s c r i b e  a system o r g a n i z a t i o n  capable of 
o f  t h e  a b o v e  a d v a n t a g e s .  
t o  f o c u s  t h e  c o m p u t i n g  p o u e r  o f  m u l t i p l e  
essors on a s i n g l e  program, some means m u s t  b e  fauna of 
k i n g  up  t h e  prog am i n t o  u n i t s  of work, ~ n d  a s s i g n i n g  
h e  u n i t s  o o r k  t o  t h e  processors. I d e a l l y ,  a l l  th3 
I d  b e  ac t ive  a t  a l l  times w i t h o u t  miitual 
terferences I n  p r a c t i c e ,  t h e  p a r a l l e l i s m  a c h i e v a b l e  i n  
pE0CeSS ing g i v e n  a l g o r i t h m  is l i m i t e d  by t h e  n a t u r e  of 
t h e  a l g o r i t  Any w e l l - d e f i n e d  a l g o r i t h m  can be t h o u g h t  
of a s  a c o l l e c t i o n  of u n i t s  of work ,  w i t h  c e r t a i n  
~ e ~ u e n ~ ~ a l  d e p e n d e n c i e s  among t h e  units of w o r k  which  
ne t h e  order i n  w h i c  t h e  u n i t s  m u s t  be c o m p l e t e d ,  i n  
order t o  a r r i v e  a t  t h e  correct r e s u l t .  If t h e  a l g o r i t h m  
in it  some se t  o f  u n i t s  of work, n o n e  o f  w h i c h  
ay o n  t h e  c o m p l e t i o n  of t h e  o t h e r s ,  i t  may 
ese u n i t s  of work t o  be e x e c u t e d  
l y  on p a r a  lex p r o c e s s o r s .  T h e  f u n d a m e n t a l  
p a r a l l e l  p r o c e s s i n g  is t h e  d i s c o v e r y  of t h e  
e p e n d e n c i e s  among t h e  u n i t s  of work i n  a given 
d t h e  a l l oca t ion  of processors t o  t h o s e  u n i t s  
h i c h  can proceed in p a r a l l e l .  
- 3 -  
H IS TO R I C A L A PPI1 0 AC 11 ES 
T h e  p r o b l e m  of p a r a l l e l  p r o c e s s i n g  h a s  b e e n  a p p r o a c h e d  
i n  a number  of d i f f e r e n t  a y s ,  One way i n  w h i c h  v a r i o u s  
a p p r o a c h e s  can  be d i s t i n g u i s h e d  is t h e  q*levelii a t  w h i c h  o n e  
a t t e m p t s  t o  d i s c o v e r  p a r a l l e l i s m ,  Some w o r k e r s  h a v e  
c o n c e i v e d  the b a s i c  u n i t  of work a s  a l a r g e  portion of 9 
p r o g r a m ,  s u c h  as a b l o c k  o r  p r o c e d u r e .  T h i s  h a s  led t o  
s u c h  l a n g u a g e  f a c i l i t i e s  a s  t h e  m u l t i t a s k i n g  f e a t u r e  of 
P L / I  {24), i n  w h i c h  more t h a n  one  " t a s k " ,  e a c h  c o n t a i n i n g  
many s t a t e m e n t s ,  may be s i m u l t a n e o u s l y  a c t i v e ,  but n o  
a t t e m p t  is made t o  f i n d  p a r a l l e l i s m  u i t h i n  a t a s k .  O n  a 
s o m e w h a t  lover l eve l ,  t h e  b a s i c  u n i t  of work n i g h t  h e  
c o n s i d e r e d  a s i n g l e  s t a t e m e n t  i n  a h i g h - l e v e l  l a n g u a g e ,  
T h u s ,  h i g h - l e v e l  l a n g u a g e  f a c i l i t i e s  h a v e  b e e n  p r o p o s e d  
w h i c h  p e r m i t  c r e a t i o n  of p a r a l l e l  flows of z o n t r o l  anon3 
the s t a t e m e n t s  of a p r o g r a m ,  s u c h  a s  A n d e r s o n g s  FORK a n d  
JOIN s t a t e m e n t s  (3) and  o p l e r ' s  D O  TOGETHER s t a t e m e n t  ( 3  1 ) .  
On a still  lower l e v e l ,  one m i g h t  s e e k  p a r a l l e l  u n i t s  of' 
work w i t h i n  a s i n g l e  e x p r e s s i o n .  For example, i n  
e v a l u a t i n g  the e x p r e s s i o n  ( A t B )  * ( C t D )  , t h e  two a d d i t i o n s  
c o u l d  b e  t r e a t e d  a s  p a r a l l e l  p r o c e s s e s .  H e l l e r m a n  ( 2 0 )  
a n d  S t o n e  ( 3 & ) ,  among o t h e r s ,  have p c o p o s e d  a l g o r i t h m s  for 
s c a n n i n g  such e x p r e s s i o n s  a n d  l o c a t i n g  p a r a l l e l  work u n i t s .  
A n o t h e r  way of d i s t i n g u i s h i n g  among a p p r o a c h e s  t o  
p a r a l l e l  p r o c e s s i n g  is by c o n s i d e r i n g  t h e  m a c h i n e  o n  w h i c h  
the p r o c e s s i n g  is t o  be done. Some m a c h i n e s ,  s u c h  a s  
a v e  a s i n g l e  i - n s t r u c t i o n  
ocessors, a l l  of w h i c h  a r e  
e same i n s t r u c t i o n  a t  the same 
e CDC 7600 6 c o n t a i n  m u l t i p l e  
c a p a b l e  of a c t i n g  i n d e p e n d e n t l y  a n 3  
Still o t h e  s p  s u c h  a s  the I B Y  S y s t e m  3 6 0  
ave a s i n g l e  i n s t r u c t i o n  stream b u t  
p a r a l l e l i s m  i n t o  its p r o c e s s i n g  by means of 
p i p ~ ~ i ~ ~ ~ ~ ~  A few r a d i c n l ,  c e l l u l a r  
een p r o p o s e d ,  such a s  the H o l l a n d  
a n d  Githhensa D i s t r i b u t e d  L o g i c  
i z a t i o n s ,  b o t h  c o m p u t a t i o n a l  a n d  
f s t r i b u l e d  t h r o u g h o u t  a n  a r r a y  of 
ird d ~ s ~ i n ~ ~ ~ ~ h i ~ g  E e a t u r e  among methods of 
' processing is h e  m e a n s  by w h i c h  s e q u e n t i a l  
re diseowered i n  t h e  algorithm t o  he 
school of t h o u g h t  h o l d s  t h a t  the p r o g r a m m e r  
the u n i t s  of uork a n d  t h e i r  
i s  has Xed, for e x a m p l e o  t o  t h e  
R a n a  90 s t a t e m e n t s  a n d  to the P L / I  m u l t i t a s k i n g  
school of t h o u g h t  holds 
a i n  a ~ ~ ~ ~ e n ~ ~ u ~ ~  l a n g u a g e  s h o u l d  be 
e system in order t o  discover 
has been d o n e  onl s u c h  a n a l y s i s  
e B u r s o u g h s  COK r a t i o n  ( 7 ) ,  a n d  s i m i l a r  uork 
n ~ u a g @  a t  U C t R  (4). Other 
- 5 -  
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workers h a v e  proposed e n t i r e l y  new l a n g u a g e s -  for t h e  
expression of p a r a l l e l  a l g o r i t h m s ,  such a s  APL ( 2 6 ) .  
A f o u r t h  c h a r a c t e r i s t i c  o f  p a r a l l e l  p r o c e s s i n g  studies 
is t h e i r  o r i e n t a t i o n  t o w a r d  t h e o r y  or t o w a r d  
i m p l e m e n t a t i p n ,  Some of t h e  a p p r o a c h e s  d e s c r i b e d  aDDve, 
s u c h  as I L L I A C  I V ,  h a v e  b e e n  i n t e n d e d  a s  p r a c t i c a l  systems, 
a n d  h a v e  a c t u a l l y  b e e n  i m p l e m e n t e d .  Other workers, such 
a s  Adams (1) or Karp and miller ( 2 7 ) ,  h a v e  p r o p o s e d  more 
a b s t r a c t  m o d e l s  of p a r a l l e l  p r o c e s s i n g ,  a n d  h a v e  b e e n  a b l e  
t o  c o n s t r u c t  t h e o r e t i c a l  p r o o f s  t h a t  t h e i r  models possess 
c e r t a i n  p r o p e r t i e s ,  s u c h  a s  u n i v e r s a l i t y  a n d  d e t e r m i n a c y .  
A NEW APPROACH 
In a p a p e r  p r e s e n t e d  a t  t h e  1968 S p r i n g  J o i n t  C o m p u t e r  
C o n f e r e n c e  (351, Larry  Tesler a n d  Horace E n e a  p r o p o s e d  3 
new class of p r o g r a m m i n g  l a n g u a g e s  c a l l e d  Single- A s s i g n m e n t  
L a n g u a g e s ,  Z n  a s i n g l e - a s s i g n m e n t  l a n g u a g e ,  s t a t e m e n t s  do 
n o t  n e c e s s a r i l y  e x e c u t e  i n  t h e  o r d e r  i n  u h c i h  t h e y  a p p e a r  
in a p r o g r a m ;  r a t h e r ,  e a c h  s t a t e m e n t  e x e c u t e s  as s o o n  a s  
a l l  the v a r i a b l e s  i t  n e e d s  a r e  d e f i n e d ,  I n  o r d e r  t h a t  each 
s t a t e m e n t  be t r i g g e r e d  a t  a w e l l - d e f i n e d  time, i t  i s  
r e q u i r e d  t h a t  e a c h  v a r i a b l e  be a s s i g n e d  a v a l u e  o n l y  once 
during the e x e c u t i o n  of a p r o g r a m ,  I n  a s i n g l e - a s s i g n m e n t  
p r o g r a m ,  t h e r e  is n o  '$flow of c o n t r o l ' '  i n  t h e  c o n v e n t i D n a 1  
sense; r a t h e r ,  t h e  s e q u e n c i n g  of s t a t e m e n t s  is d e t e r m i n e d  
by t h e  data flow, a s  some s t a t e m e n t s  a s s i g n  v a l u e s  t o  
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ather statements. S i n g L e -  
anguages are  l- a d a p t  e d t o  p a r a l l e l  
many s t a t e m e n t s  s i m u l k 3 n e o u s l . y  h a v e  
d ,  t h e y  may a l l  b e  
cribes a h i g h - l e v e l  si l e - a s s i g n m e n t  
@ailed S A M P t E ,  based on some of t h e  
eslea: anad Enea.  Wi th  r e s p e c t  t o  the four 
aracteristics d e s c r i b e d  u n d e r  @ ' H i s t o r i c a l  
ork might be ca te  
ork will be s o u g h t  o n  a s  lou 3 
p o s s i b l e ,  e en w i t h i n  a s t a t e m e n t  i n  t h e  
T h e  d e c i s i o n  Lo seek l o w - l e v e l  
e in order t o  e x p l a i t  e v e r y  
f o r  p a r a 1  el p r o c e s s i n g ,  w i t h  t h a  
at t h i s  approach uouZd probably b e  
he s y s t e m  o v e r h e a d  necessary 
e p o t e n t i a l  p a s a l l e l i s m .  
2, is t o  be done an a m a c h i n e  h a v i n g  
~ n d @ ~ ~ n d e n t ~  a s y n c h r o n o u s  p r o c e s s o r s .  SincEt 
em consists of  a v a r i a b l e  number of 
ith no c e n t r a l  control u n i t ,  i t  
p o s s e s s e s  the of 
gr acefu l d e g r a d a t i o n  
m er need  not ex  l i c i t l y  s t a t e  t h e  
elism i n  h i s  a l g o r i t h m ;  
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they will b e  a u t o m a t i c a l l y  d i s c o v e r e d  by t h e  
s y s t e m .  A programming l a n g u a g e  w i l l  b e  described 
having a s t r u c t u r e  such that t h e  o p p o r t u n i t i e s  for 
p a r a l l e l  p r o c e s s i n g  c a n  r e a d i l y  be  u n c o v e r e d  by the 
s y s t e m .  
4. The work d e s c r i b e d  here is implementation-oriented,  
S e v e r a l  e x a m p l e s  w i l l  b e  given  of programs i n  t h e  
p r o p o s e d  l a n g u a g e .  Rules will b e  s t a t e d  f o r  
c o m p i l a t i o n  o f  t h e  l a n g u a g e  i n t o  m a c h i n e - l e v e l  
i n s t f u c t i o n s ,  and  a detailed description will be 
g i v e n  of a h a r d w a r e  s y s t e m ,  a b l e  to b e  b u i l t  w i t h  
p r e s e n t l y - a v a i l a b l e  c o m p o n e n t s ,  to e x e c u t e  t h e  
resulting o b j e c t  program. Some r e s u l t s  of a 
s i m u l a t i o n  cf the proposed s y s t e m  v i 1 1  h e  describes. 
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CHAPTER TWO 
S i n g l e - a s s i g n m e n t  L a n g u a g e s ,  as d e f i n e d  by Tesler (35) , 
a x l g u a g e s  w h i c h  r e q u i r e  t h a t  e a c h  v a r i a b l e  be a s s i g n e 3  3 
y once i n  a p ogram, E a c h  s t a t e m e n t  i n  a s i n g l e -  
a s s i g ~ m ~ ~ t  n g u a g e  h a s  c e r t a i n  i n p u t  v a r i a b l e s  (on whose 
t e m e n t  d e p e n d s )  a n d  c e r t a i n  o u t p u t  v a r i a b l e s  
e s  a re  d e f i n e d  by t h e  s t a t e m e n t ) ,  As soan as all 
a r i a b l e s  of a g i v e n  s t a t e m e n t  are  d e f i n e d ,  t h a t  
s t a t e m e n t  may b e  e x e c u t e d  i t h  a s s u r a n c e  t h a t  n o n e  of i t s  
p u t  v a l u e s  w i l l  ever c h a n g e .  Thus t h e  o rder  of e x e c u t i o n  
f s t a t e m e n t s  i n  a s i n g l e - a s s i g n m e n t  l a n g u a g e  is i m p l i c i t l y  
~ e ~ ~ r m ~ R e d  b y  t h e  da ta  flow of t h e  program, a n d  t h e  physical 
s t a t e m e n t s  is immaterial , S i n g  l e - a s s i g n a e n t  
e l l - a d a p t e d  t o  p a r a l l e l  p r o c e s s i n g  because ,  
o i n t  i n  time, a s i m p l e  a lgo r i thm can d e t e r m i n e  t h e  
~ ~ ~ ~ e m e ~ ~ ~  which are r e a d y  f o r  e x e c u t i o n .  
s s i g n m e n t  M a t ~ e m a ~ i ~ a l  P r o g r a m m i n g  L a n g u a g e ,  
E, h a s  b e e n  d e v e l o p e d  for i m p l e m e n t a t i o n  o n  a parallel 
r o c e s s f n g  s y s t e m .  SAMPLE is i n t e n d e d  f o r  n u m e r i c  
g a h i g h  degree of i m p l i c i t  p a r a l l e l i s m .  It 
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p r o v i d e s  a f u l l  r a n g e  of a r i t h m e t i c  a n d  l o g i c a l -  o p e r a t o r s ,  
a r r a y s ,  b l o c k  s t r u c t u r e ,  r e c u r s i v e  p r o c e d u r e s ,  conditional 
e x p r e s s i o n s ,  and i t e r a t i o n .  It does not p r o v i d e  f a c i l i t i e s  
for h a n d l i n g  c h a r a c t e r  s t r i n g s  o r  l i n k e d  l i s ts ;  h o w e v e r ,  
t h e s e  f a c i l i t i e s  c o u l d  be a d d e d  u i t h o u t  a l t e r i n g  t h e  bss i c  
n a t u r e  of the l a n g u a g e ,  
EXAMPLE OF SINGLE-ASSIGNMENT PROCESSING 
Before p r o c e e d i n g  w i t h  a d e t a i l e d  d e s c r i p t i o n  of the 
f e a t u r e s  of SAMPLE, a n  e x a m p l e  w i l l  be g i v e n  of t h e  c o n z e p t  
of s i n g l e - a s s i g n m e n t  p r o c e s s i n g .  S u p p o s e  t h a t  we are g i v e n  
two n u m b e r s  A a n d  B, a n d  ue w i s h  t o  f i n d  w h i c h  is  g r e a t e r ,  
( A t B ) / ( A - B )  or ( A * B ) / ( A - E )  e Ue m i g h t  write t h e  f o l l o w i n g  
program: 
BEGIN 
id C A-B; 
X C- ( A + B ) / W ;  
Y f- {A*B)/61; 
z c X>Y;  
END 
A t  t h e  c o n c l u s i o n  of p r o c e s s i n g ,  t h e  v a r i a b l e  2 w o u l 3  
c o n t a i n  a Boolean v a l u e  of TRUE i f  ( A t B ) / ( A - B )  is 
greater t h a n  ( A * B ) / ( A - B )  ; o t h e r w i s e  it w o u l d  c o n t a i n  t h e  
v a l u e  FALSE. 
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now e x a m i n e  t h i s  p r o g r a m  from the p o i n t  of view 
of t h e  single-assignment p r o p e r t y .  We n o t i c e  t h a t  t h e r e  
e s i x  o p e r a t i o n s  t o  be p e r f a r m e d .  I f  we i e v e n t  the n a m e s  
a n d  T2 for c e r t a i n  i n t e r m e d i a t e  results, r e  c o u l d  write 
x o p e r a t i o n s  as follows: 
A-B 
2) TI c A i 1 3  
x Tl/H 
(4) T2 C- A*B 
5 )  Y t- T 2 / V  
X> Y 
Each o p e r a t i o n  h a s  two inputs a n d  one o u t p u t .  We will make 
the €01 g a s s u m p t i o n s :  
. Each  o p e r a t i o n  requires otic t i m e - u n i t  t o  cornplate. 
B, E a c h  o p e r a t i o n  is i n i t i a t e d  as s o o n  as its i n p u t s  
E many o p e r a t i o n s  a r e  s i m u l t a n e o u s l y  
p r o c e e d  i n  paral le l .  
C. e n  we s t a r t  p r o c e s s i n g ,  A and  B are  ready. 
Then  t h e  s e q u e n c e  of events i n  p r o c e s s i n g  the p r o g r a m  is as 
e I n  the first t i m e - u n i t ,  o p e r a t i o n s  1, 2, a n d  4 h a v e  
r i n p u t s  readyl, so t h e y  are e x e c u t e d  i n  
llel. This m a k e s  their r e s p e c t i v e  o u t p u t s ,  
(I TI, ana TZ, r e a d y .  
2, h e  s e c o n d  time u n i t ,  operations 3 and 5 
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J 
FIGURE 2.1 
S E Q U E N T I A L  D E P E N D E N C I E S  IN EXAlYPLE PROCRACS 
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execute, making ready t h e i r  outputs, X and  Y ,  
3 .  h e  t h i r d  t i m e - u n i t ,  o p e r a t i o n  6 e x e c u t e s ,  
g ready the f n a l  r e s u l t  
equence of events, s h o w i n g  t h e  s e q u e n t i a l  
d e p e n d e n c i e s  among t h e  s i x  o p e r a t i o n s ,  i s  i l l u s t r a t e d  i n  
The e x a m p l s  we h a v e  considered i s  a v a l i d  S A B P L E  
program, a n d  the above s t e p s  ref lect  t h e  way i n  which our 
proposed systea m i g h t  process t h e  program. T h i s  same 
ill be considered i n  more d e t a i l  i n  t h e  c h a p t e r s  
ation and Execution, 
c TYPES 
NPLE h a s  t o data types: numbers and tuples. No 
d i s t i n c t i o n  is made b e t w e e n  integers a n d  r e a l  numbers,  
her a number or a t u p l e  may be given a riame, which  
sists of a n y  s t r i n g  of a l p h a b e t i c  or numari:: 
s, the first of which  m u s t  b e  a letter. 
 st^^^ number may be  w r i t t e n  in e i t h e r  i n t e g e r  or 
p o i n t  form, w i t h  or w i t h o u t  an  e x p l i c i t  e x p o n e n t .  
2 -3*5 9E-8 -1E6 
l e  is a n  osdered set of e l e m e n t s ,  e a c h  of w h i c h  may 
b e  a ~ u ~ ~ ~ K  or a tuple; t h u s  m u k t i - d i m e n s i o n a l  arrays may b e  
t u p l e s  of u p l e a ,  T u p l e s  are d e n o t e d  b y  angle brackets ,  for 
~ p ~ @ ~  (1, 2.5* 2>, ( 3 ,  4)) The reserved 
words TO a n d  BY may b e  used i n  u r i t i n q  t u p l e s :  
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< A  TO D BY D> m e a n s  <A, A+D, A t 2 D ,  ... , B >  
< A  TO 0> m e a n s  < A ,  A t l ,  A + 2 ,  ... , B >  
An i n d i v i d u a l .  e l e m e n t  of a t u p l e  may b e  referred t o  b y  
means of t h e  s u b s c r i p t  o p e r a t o r  J, A 4 I is  t h e  name of 
e l e m e n t  I of t u p l e  A. T u p l e  e l e m e n t s  a re  u s u a l l y  n u m b a r e d  
s t a r t i n g  with 0;  h o u e v e r ,  t h i s  r u l e  c a n  be s u p e r c e d e d ,  a s  
will be e x p l a i n e d  l a t e r .  The b u i l t - i n  f u n c t i o n  FIRST A 
r e t u r n s  t h e  s u b s c r i p t  number  of the first e l e m e n t  of  the 
t u p l e  A; LAST A r e t u r n s  t h e  s u b s c r i p t  n u m b e r  of t h e  last 
e l e m e n t  of A. S u c c e s s i v e  o c c u r r e n c e s  of & are  g r o u p e d  from 
left to r i g h . t  u n l e s s  modified by p a r e n t h e s e s ,  so A .& I j J 
means ( A  (t I) Jc J r a t h e r  t h a n  A j ,  (I j. 3 ) .  
ASS I G Pi I5E N T ST AT E2lE NTS 
The a s s i g n m e n t  o p e r a t o r  is t h e  l e f t  arrow C . The 
v a l u e  of the e x p r e s s i o n  a p p e a r i n g  on  t h e  right of t h e  arrow 
is  a s s i g n e d  .to t h e  v a r i a b l e  or t u p l e  element a p p e a r i n g  o n  
t h e  l e f t  of &he arrow. Example: X f- Y ; assigns t o  X t h e  
v a l u e  of Y. 
Before values can be a s s i g n e d  t o  the e l e m e n t s  of a 
t u p l e ,  u p p e r  and lower b o u n d s  must be d e f i n e d  for t h e  
subscripts of the tuple, i n  order t h a t  memory s p a c e  may be 
allocated for its e l e m e n t s ,  Two m e t h o d s  are p r o v i d e d  f o r  
d e f i n i n g  t h e s e  b o u n d s ;  t h e  p r o g r a m m e r  may u s e  whichever 
method h e  f i n d s  most c o n v e n i e n t .  T h e  first method  is b y  
means of ' ~ ~ o u ~ d i n ~ ~ ~  s t a t e m e n t s ,  u s i n g  t h e  reserved word 1s. 
g sequence of s t a t e m e n t s  s t a t e s  t h a t  X i s  a 
s u b s c r i p t s  from -10 to l o ,  X & 1 i s  a t u p l i  
r ip t s  from 0 to N, and X I JI J is a s s i g n e d  
h e  value of A 
T h e  s e c o n d  method of d e f i n i n g  bounds  for  s u b s c r i p t s  i s  
y means of the r e s e r v e d  word OF,  which may be i n s e r t e d  i n  
n a s s i g n m e n t  s t a t e m e n t ,  For e x a m p l e ,  
0, lO) c U; 
s t a t e s  t h a  the t u p l e  X h a s  s u b s c r i p t s  r a n g i n g  from 0 to 10 
5 is a s s i g n e d  t h e  value of U. If t h e  l o w e r  
e meaning a s  the a b o v e  s t a t e m e n t .  If a name o n  
s i d e  of an assignment s t a t e m e n t  has m u l t i p l e  
subscripts, each s u b s c r i p t  must have its own OF c l a u s e .  
Thus, t h e  f o l l o w i n g  s t a t e m e n t  h a s  meaning e q u i v a l e n t  to t h e  
~ ~ ~ e ~ - s t a ~ ~ m % n ~  example i n  t h e l a s t  paragraph: 
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X 4 I OF ( - l O R I O )  JI J of N C A t B; 
T h e  two m e t h o d s  of d e f i n i n g  t u p l e  b o u n d s  must n e v e r  h e  
mixed i n  a s t a t e m e n t .  If a t u p l e  h a s  a s p e c i a l  " b o u n d i n g l f  
s t a t e m e n t ,  t h e n  a n y  t u p l e s  nested i n s i d e  i t  m u s t  a l s o  h a v e  
~'bounding~' s t a t e m e n t s ,  and  n o  OF c l a u s e  may a p p e a r  i n  a n y  
w h i c h  a s s i g n s  v a l u e s  to t h e  e l e m e n t s  of these 
t u p l e s .  - -  C o n v e r s e l y ,  i f  a s t a t e m e n t  a s s i g n i n g  a t u p l a  
e l e m e n t  h a s  an OF clause, t h e n :  
a. T h e  tuple must n o t  h a v e  a " b o u n d i n g "  s t a t e m G n t .  
b, A l l  s t a t e m e n t s  w h i c h  a s s i g n  v a l u e s  t o  e l e m e n t s  of 
t h e  t u p l e  m u s t  h a v e  O F  c l a u s e s ,  a n d  a l l  t h e  b o u n d s  
s t a t e d  i .n  t h e  O F  c l a u s e s  m u s t  agree. T h i s  e n a b l e s  
whichever s t a t e m e n t  inay execute f i r s t  to d e f i n e  the 
b o u n d s  o f  the t u p l e  a n d  a l l o c a t e  space f o r  i t .  
c. All tuples n e s t e d  i n s i d e  t h e  g i v e n  t u p l e  must have  
t h e i r  b o u n d s  d e f i n e d  by means  of OF c l a u s e s ,  
A subscript or  s u b s c r i p t  b o u n d  may be a n y  e x p r e s s i o n ,  
However, t h e  p r o g r a m m e r  m u s t  e n s u r e  t h a t  h i s  p r o g r a m  does 
ate t h e  s i n g l e  a s s i g n m e n t  p r o p e r t y .  For ex ample, 
i f  A (t J and A + K a p p e a r  on t h e  left s i d e  of two 
a s s i g n m e n t  s t a t e m e n t s ,  J a n d  K m u s t  n o t  e v a l u a t e  t o  t h e  
same number. 
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C a t Q g O r i e s  of arithmetic a n d  l o g i c a l  operators a r e  
for  c o n s t r u c t i n g  e x p r e s s i o n s .  T h e  o p e r a t o r s  may b e  
any d e s i r e d  way, T h e  p r e c e d e n c e  among t h e  operators 
a l a t e r  s e c t i o n ,  and may he m o d i f i e d  at will b y  
use of paren t h e s e s  
B o o l e a n  operators (AXD, OR, N O T )  interpret a n y  
n e g a t i v e  input a s  T R U E  a n d  a n y  non-negative i n p u t  as FALSE. 
the v a l u e  TRUE a s  - 1  and FALSE a s  0. T h e  
a r d s  TRUE and FALSE may be u s e d  to  r e p r e s e n t  - 1  
and 0, respectively. 
y I, B i n a r y  operators:: * - * / MOD A N D  OR 
If both operands are numbers,  the r e s u l t  is a number. 
If one operand is a number a n d  t h e  o t h e r  is a tuple, ths 
on is performed between t h e  number and  each  
e n t  of t h e  t u p l e ,  and the result is  a tuple. If 
both operands are t u p l e s ,  the o p e r a t i o n  is p e r f o r m e d  
~ e m e n ~ - b y - e l e m e n t ,  and the resu l t  i s  a t u p l e .  
X HQD Y is defined as the d i f f e r e n c e  b e t w e e n  X a n d  
arges t  m u l t i p l e  of Y not g r e a t e r  t h a n  X.  None of 
# nor HOD Y need be an i n t e g e r .  
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C a t e g o r y  11. Number u n a r y  o p e r a t o r s :  - R O U N D  FLOOR CEXI.  
ABS NOT 
I A r i t h m e t i c  n e g a t i o n  
R O U N D  T h e  n e a r e s t  i n t e g e r  t o  the operand ( .S  r o u n d s  u p )  
FLOOR The l a r g e s t  i n t e g e r  not g r e a t e r  t h a n  t h e  o p e r a n d  
CEIL T h e  smallest  i n t e g e r  n o t  less t h a n  t h e  operand 
ABS A b s o l u t e  value 
NOT L o g i c a l  n e g a t i o n  
If the o p e r a n d  is a n u n b e r ,  t h e  result i s  a n u n b e r .  
If t h e  o p r a n d  is a t u p l e ,  the operation is p e r f o r r z e d  o n  
e a c h  e l e m e n t  of t h e  t u p l e .  The r e s u l t  is a t u p l e .  
C a t e g o r y  111. T u p l e  u n a r y  operators: + * A Y D  OR 
The o p e r a n d  must be a t u p l e .  T h e  result is a n u n b e r  
created b y  j o i n i n g  all e l e m e n t s  of t h e  o p e r a n d  t u p l e  
t o g e t h e r  by the c o r r e s p o n d i n g  b i n a r y  opera tor .  For 
e x a m p l e ,  + <1,2,3> = 6 - 
C a t e g o r y  'EV, R e l a t i o n a l  o p e r a t o r s :  = -.= < <= > >= 
T h e s e  o p e r a t o r s  y i e l d  t h e  v a l u e  - 1  or 0 if the  
r e l a t i o n  is t r u e  o r  f a l s e ,  r e s p e c t i v e l y .  I f  o n e  o p e r a n d  
is a n u n b e r  a n d  t h e  o t h e r  i s  a t u p l e ,  -= is TRUE a n d  a i l  
o t h e r  r e l a t i o n s  a r e  FALSE, If b o t h  o p e r a n d s  a r e  tuples, 
a n d  t h e  o p e r a t o r  i s  n o t  -=, t h e  r e l a t i o n  is T R U E  o n l y  i f  
the t u p l e s  h a v e  i d e n t i c a l  #*f i r s t"  a n d  " las t t1  values, a n d  
t h e  r e l a t i o n  h o l d s  b e t w e e n  e a c h  p a i r  of c o r r e s p o n 3 i n g  
e l e m e n t s  i n  t h e  t u p l e s .  T h e  r e l a t i o n  -.= is TRUE b e t w e e n  
two t u p l e s  w h e n e v e r  the r e l a t i o n  = is n o t  TRUE. 
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T h e  r e l a t i o n a l  o p e r a t o r s  may h e  u s e d  anywhere i n  an 
e x p r e s s i o n ,  For example ,  A 4- X > Y*Z ; a s s i g n s  t h e  
v a l u e  TRUE (-1) to A if X is greater t h a n  Y+Z, and FALSE 
0) qlherwise.  
C o n d i t i o n a l  e x p r e s s i o n s  have  t h e  f o l l o w i n g  form: 
F X TIiEN Y ELSE Z 
I and z may b e  any e x p r e s s i o n s  ( e x c e p t  those 
~ ~ ~ t ~ ~ ~ ~ ~ g  the reserved uora W I T H ) .  C o n d i t i o n a l  
expressions may be nested, and t h e y  m y  be used wherever an 
p r e s s i o n  may b e  u s e d .  
s often necessary to change an element of a t u p l e  
v i n g  t h e  other e l e m e n t s .  T h i s  woul3  violate t h a  
ghe-assignment p r o p e r t y  u n l e s s  the altered t u p l e  were 
v e n  a new name. T h e  special e x p r e s s i o n  R WITH I C. U is 
w i t h  element I r e p l a c e d  by t h e  v a l u e  of 
s type of expression may b e  used  w h e r e v e r  an 
e x p r e s s i o n  is called f o r ,  and ~ a y  b e  n e s t e d  a s  r e q u i r e d .  
W I T H  r F  X = Y  T H E N  P ELSE 3 c- u : 
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I N P U T  AND OUTPUT STATEAENTS 
T h e  o rde r  o f  e x e c u t i o n  of s t a t e m e n t s  i n  a SAMPLE p r o g r a m  
is u n p r e d i c t a b l e -  T h e r e f o r e  we c a n n o t  use t h e  c o n v e n t i o n a l  
scheme oE p r o v i d i n g  t h e  i n p u t  medium w i t h  a n  o r d e r e d  s e t  of 
i n p u t  q u a n t i t i e s ,  w h i c h  t h e  p r o g r a m  will c a l l  f o r  i n  o r d e r  
a s  t h e y  a r e  n e e d e d .  I n s t e a d ,  a l l  i n p u t  q u a n t i t i e s  m u s t  b e  
s i m u l t a n e o u s l y  a v a i l a b l e ,  a n d  each i n p u t  s t a t e m e n t  m u s t  b e  
able t o  c a l l  from the i n p u t  medium t h e  p a r t i c u l a r  i n p u t  
q u a n t i t y  i t  n e e 3 s .  We a s s u m e  t h a t  the i n p u t  medium i s  
a s s o c i a t i v e ;  each i n p u t  q u a n t i t y  may b e  a nuinber o r  a t u p l e  
( p o s s i b l y  h a v i n g  o t h e r  t u p l e s  n e s t e d  i n s i d e  i t ) ,  a n d  each 
i n p u t  q u a n t i t y  is a s s o c i a t a d  u i t h  a u n i q u e  i n t e g e r ,  T h e  
bas ic  SAPIPLE i n p u t  s t a t e m e n t ,  READ, s p e c i f i e s  t h e  v a r i a b l e  
t o  be read ,  a n d  the i n t e g e r  t a g  assoc ia ted  w i t h  i t  i n  t h e  
Z/O medium, T h e  R E A D  s t a t e r n e n t  c a u s e s  t h e  i n p u t  medium t o  
b e ' s c a n n e d  f o r  t h e  i n p u t  q u a n t i t y  assoc ia ted  w i t h  the g i v e n  
i n t e g e r  tag; t h i s  q u a n t i t y  i s  t h e n  a s s i g n e d  to t h e  g i v e n  
v a r i a b l e .  T h e  v a r i a b l e  t o  b e  read may b e  e i t h e r  a s i m p l e  
name o r  a t u p l e  c l e m e n t .  If i t  i s  a t u p l e  e l e m e n t ,  either 
of t h e  two m e t h o d s  of d e f i n i n g  s u b s c r i p t  b o u n d s  may b e  
used. The f o l l o w i n g  e x a m p l e  a s s i g n s  t o  X the q u a n t i t y  
associated u i t h  the n u m b e r  1 i n  t h e  i n p u t  medium: 
R E A D  ( X , 1 )  : 
O f  course, s i n c e  t h e  i n p u t  s t a t e m e n t s  e x e c u t e  i n  a n  
u n p r e d i c t a b l e  order, t h e  n u m b e r s  a s s o c i a t e d  w i t h  the i n p u t  
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q u a n t i t i e s  do not i m p l y  a n y  ordering among t h e m .  The  
programrner  may s p e c i f y  several i n p u t  q u a n t i t i e s  i n  a s i n g l e  
b y  r e p e a t i n g  t h e  p a r e n t h e s i z e d  p ian of t h e  
s t a t e m e n t .  Examples: 
The SAMPLE o u t p u t  statement,  W R I T E ,  o p e r a t e s  
a n a l o g o u s l y  t o  the READ s t a t e n e n t .  There is a s s u m e d  t o  
e x i s t  an a s s o c i a t i v e  o u t p u t  medium into which o u t p u t  
q u a n t i t i e s  may b e  p l a c e d  arid associated with u n i q u e  
i n t e g e r s .  Any expression may a p p e a r  a s  t h e  q u a n t i t y  t o  h e  
o u t p u t  i n  a WRITE s t a t e m e n t .  T h e  first of  the t h r e e  
e x a m p l e s  below causes the v a l u e  of X t o  be p l a c e d  i n  t h i !  
o u t p u t  medium a n d  associated w i t h  the number 1: 
WRITE ( X , 1 ]  ; 
A & 3 ,  N). A .& K, N + 1 ) ;  
R I T E  (A J. J * B & K + C, 2 * J + K); 
The a s s o c i a t i v e  i n p u t  a n d  o u t p u t  media m i  h t  be d i s c s  
01: drums, A s p e c i a l  I / O  processor m i g h t  be p r o v i d e d  t o  
c o n v e r t  i n f o r m a t i o n  from t h e  I / O  media t o  a format more 
~ Q R ~ ~ ~ ~ ~ ~ ~  for e x t e r n a l  use. N e i t h e r  o f  t hese  i d e a s  is 
recedeat, T h e  a s s o c i a t i v e  s e a r c h  for a n  i n p u t  
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q u a n t i t y  is s i m i l a r  t o  t h e  " s e a r c h  key" commands i m p l e m e n t e d  
o n  I B I i  2 3 1 4  d i s c  d r i v e s . ( 2 2 )  T h e  idea  of a s p e c i a l  Z/O 
p r o c e s s o r  t o  i n t e r f a c e  a p a r a l l e l  s y s t e m  w i t h  t h e  e x t e r n a l  
world is r e m i n i s c e n t  of t h e  ILLIAC IV p r o j e c t ,  w h i c h  uses a 
B u r r o u g h s  B6500 as an I/O p r o c e s s o r .  (5) 
BLOCK STRUCTURE 
I n  o r d e r  t h a t  a p r o g r a m m e r  may write a s e c t i o n  of cod3 
for i n s e r t i o n  i n t o  a p r o g r a m  w i t h o u t  fear of d u p l i c a t i n g  a 
v a r i a b l e  o r  f u n c t i o n  name u s e d  i n  t h e  o u t e r  prograia, b l o c k  
s t r u c t u r e  is p r o v i d e d  i n  t h e  SAMPLE l a n g u a g e .  A b l o c k  i s  
any sequence of s t a t e m e n t s  e n c l o s e d  b e t w e e n  the words R E G I N  
a n d  END a n d  b e g i n n i n g  w i t h  a d e c l a r a t i o n  of a l l  v a r i a b l e  D C  
f u n c t i o n  n a m e s  t o  b e  u s e d  i n  t h e  b l o c k  w i t h  a l o c a l  m e a n i n g ,  
Blocks may be n e s t e d  i n s i d e  e a c h  o t h e r  t o  a r b i t r a r y  d e p t h .  
I f ' a n y  name declared i n  an i n n e r  b l o c k  d u p l i c a t e s  a name 
declared i n  an outer block, i t  b e h a v e s  t h r o u g h o u t  t h e  i n n e r  
b l o c k  as t h o . u g h  it Mere a d i f f e r e n t  name, u n r e l a t e d  t o  t h i  
d u p l i c a t e  name a p p e a r i n g  i n  t h e  o u t e r  b l o c k .  s t a t e m e n t s  i n  
an inner b l o c k  may refer t o  g l o b a l  names- -names  d e c l a r e d  in 
a n  o u t e r  b l o c k  b u t  n o t  i n  t h e  i n n e r  block.  E v e r y  name used 
i n  a block mast be d e c l a r e d  i n  t h a t  block or  a n  ou te r  b l o c k .  
T h e  o u t e r m o s t  b l o c k  is t h e  p r o g r a m  i t s e l f ,  w h i c h  must b e  
e n c l o s e d  b e t w e e n  BEGIN a n d  E N D  a n d  followed by a p e r i o d  (.). 
A f u n c t i . o n  name m u s t  b e  d e c l a r e d  i n  t h e  b l o c k  i n  which 
t h e  f u n c t i o n  is d e f i n e d .  Detai ls  of  f u n c t i o n  d e c l a r a t i o n s  
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will be e x p l a i n e d  in t h e  section entitled q t F U N C T Z O N S t q ,  
B l o c k  s t r u c t u r e  i n  SALIPLE is i n t e n d e d  o n l y  t o  ensuce 
~ n ~ ~ u e n @ ~ 5  of names .  It does not, as i n  some l a n g u a g e s ,  
i rcply memory a l l o c a t i o n  u p o n  block e n t r y ,  B e c a u s e  S B Y P L E  
s t a t e m e n t s  are n o t  e x e c u t e d  in t h e  order  i n  w h i c h  t h e y  are  
~ ~ t t e n ,  *"block e n t r y e 1  h a s  no m e a n i n g  i n  SAMPLE. The d a t a  
type of a name  is not s p e c i f i e d  i n  a d e c l a r a t i o n ,  T h e  
f o l l o w i n g  example program contains one n e s t e d  b l o c k ;  i t  
Q q u a n t i t i e s  and writes t h e i r  sum: 
B E G I N  
DECLARE A ,  B I  C; 
READ ( A ,  1) ( B , 2 )  ; 
C C A 4 0 ;  
BEGIN 
DECLARE A; 
A c c ;  
U R I T E  ( A , 1 ) ;  
ND 
END. 
PLE f u n c t i o n  behaves l i k e  a n  ALGOL p r o c e d u r e ,  w i t h  
t h e  r e s t r i c t i o n s  t h a t  a l l  i ts p a r a m e t e r s  m u s t  be called by 
alueg and i t  must always r e t u r n  a s i n g l e  v a l u e  and h a v e  no 
side effects. Each  f u n c t i o n  is defiaed i n  t h e  f o l l o w i n g  way: 
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D E F I N E  <name> { <name list> ) ; ( f u n c t i o n  body)  EYD 
The (name l ist> is  a list of t h e  formal p a r a m e t e r s  of t h e  
f u n c t i o n ;  i.e,, those i n p u t  q u a n t i t i e s  u h i c h  m u s t  h e  
s u p p l i e d  b y  t h e  c a l l i n g  p r o g r a m  each time t h e  f u n c t i o n  i s  
called. The ( f u n c t i o n  body> c o n s i s t s  of a n  o p t i o n a l  
d e c l a r a t i o n  of v a r i a b l e  nariies w h i c h  a r e  l o c a l  t o  t!lc_? 
f u n c t i o n ,  zero OS more stateinents t o  c o m p u t e  the v a l u e  of 
the f u n c t i o n ,  a n d ,  f i n a l l y ,  an e x p r e s s i o n  e q u a l  to the 
v a l u e  of t h e  f u n c t i o n .  T h e  f o l l o w i n g  are two e q u i v a l e n t  
d e f i n i t i o n s  of a f u n c t i o n  w h i c h  r e t u r n s  t h e  a r i t h m e t i c  mean 
o f  its two p a r a m e t e r s :  
D E F I N E  M E A N  (X,Y) ; ( X t Y )  /2 E N D  
D E F I N E  H E A N  (X, Y ]  
DECLARE U, Z; 
w c- XtY; 
z + M/2; 
2 
END 
A f u n c t i o n  h a s  many of t h e  p r o p e r t i e s  of a b l o c k .  It 
may d e c l a r e  l o c a l  names ,  a n d  i ts  p a r a m e t e r  n a m e s  ace  
i m p l i c i t l y  c o n s i d e r e d  to be. declared  a s  l o c a l  n a m e s  b y  
a p p e a r a n c e  in tho p a r a m e t e r  list. F u n c t i o n  d e f i n i t i o n s  
m u s t  a l w a y s  o c c u r  i n  the head  of a block, j u s t  a f t e r  t h o  
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c 
d e c l a r a t i o n  for t h a t  block, A f u n c t i o n  narne may ' d u p l i c a t e  
a n o t h e r  f u n c t i o n  name d e f i n e d  in a n o t h e r  block; t h e  naclt. 
er t o  d i f f e r e n t  f u n c t i o n s  i n  the d i f f e r e n t  
blocks. Statements inside a f u n c t i o n  d e f i n i t i o n  may refer  
t o  g l o b a l  names; i e e e 8  names w h i c h  a r e  not. d e c l a r e d  i n  t h e  
f u n c t i o n ,  However, a s t a t e m e n t  i n s i d e  a f u n c t i o n  may n o t  
a s s i g n  a v a l u e  t o  a g l o b a l  name. T h e  s i n g l e - a s s i g n m e n t  
p r o p e r t y  m u s t  be o b e y e d  i n s i d e  f u n c t i o n  d e €  i n i t i o n s .  A 
function d e f j n i t i o n  may c o n t a i n  a n y  t y p e  o f  statemerit except  
a n o t h e r  f u n c t i o n  d e f i n i t i o n .  
A function name must b e  declared i n  t h e  block i n  w h i c h  
it is d e f i n e d ,  The function names w h i c h  are d e f i n e d  i n  a 
lock are  s i m p l y  i n s e r t e d  i n  t h e  d e c l a r a t i o n  f o r  t h a t  b l o c k ,  
following the r e s e r v e d  word FUNCTION. A f u n c t i o n  . c a l l  
si of the f u n c t i o n  name f o l l o w e d  b y  a fist of 
parameters f n  p a r e n t h e s e s ,  a n d  may be u s e d  i n  any 
expression, The n u m b e r  of a c t u a l  p a r a m e t e r s  i n  a f u n c t i o n  
II must equal the n u m b e r  of  d u m m y  parameters i n  the 
u ~ ~ t  ion definition. A f u n c t i o n  may c a l l  i t s e l f  
fo f lowing  example b l o c k ,  f u n c t i o n s  SQUARE a n d  
a ~ S Q ~  are d e f i n e d  a n d  used t o  f i n d  t h e  mean of the s q u a r e s  
of t u a  ers: 
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BEGIN 
DECLARE A ,  B, C, FUNCTION MEANSQR, S Q U A R E ;  
D E F I N E  M E A N S Q a I X ,  Y )  ; 
( S Q U A R E ( X ]  + S Q U A R E ( Y ) )  / 2 
END 
D E F I N E  S Q U A R E ( W )  : W * W END 
R E A D  ( A , l )  , (B,2); 
C f- M E A N S Q R ( A , B )  ; 
WRITE (C,1) ; 
END 
ITERATION 
I t e r a t i o n  is denoted by using, a n y w h e r e  i n  a s t a t e m e n t ,  
a name eqclosed i n  s i n g l e  q u o t e  marks. T h i s  i n d i c a t e s  that 
t h e  q u o t e d  v a r i a b l e  is a t u p l e ,  a n d  t h a t  t h e  s t a t e m e n t  is t o  
be e x e c u t e d  o n c e  w i t h  e a c h  e l e m e n t  of t h e  t u p l e  s u b s t i t u t e 3  
f o r  the q u o t e d  name. O n l y  a name, a n d  n o t  a n  e n t i r e  
e x p r e s s i o n ,  may be quoted. If t h e  same q u o t e d  name a p p e a r s  
more t h a n  o n c e  i n  a s t a t e m e n t ,  a11 c o p i e s  of t h e  q u o t e d  name 
are r e p l a c e d  by t h e  same t u p l e  e l e m e n t  i n  each i t e r a t i o n .  
If many d i f f e r e n t  q u o t e d  n a m e s  a p p e a r  i n  a s t a t e m e n t ,  t h e  
s t a t e m e n t  will be repeated o n c e  for e v e r y  p o s s i b l e  d i f f e r e n t  
way of  s u b s t i t u t i n g  a t u p l e  e l e m e n t  for each quoted name. 
The  f o l l o w i n g  example a s s i g n s  to A t h e  t r a n s p o s e  of a n  N x N 
m a t r i x  B: 
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(1 TO N>; 
(1  TO N); 
IS TUPLE (7,N) ; 
'IS TUPLE (1  @N) ; 
A & 9J'J .$+ 'IQ; 
The a p p e a r a n c e  of an i t e ra ted  s t a t e m e n t  i n  a program has 
e x a c t l y  the same e f f e c t  as the a p p e a r a n c e  of a d i f f e r e n t  
s t a t e m e n t  f o r  each i t e r a t i o n ,  The order o f  e x e c u t i o n  oE thi 
iterations is d e t e r m i n e d  b y  t h e  r e a d i n e s s  of  t h e i r  
respective i n p  t v a l u e s .  I f  many of t h e  i t e r a t i o r i s  a r e  
r e a d y  a t  the same time, t h e y  may be e x e c u t e d  s i m u l t s n e o u s l y .  
LOOPS 
The above c o n v e n t i o n  of i t e r a t i o n  by q u o t e d  t u p l e  n a m e s  
is i n t e n d e d  t o  g i v e  t h e  p r o g r a m m e r  maxirrcum p o s s i h l e  
~ a ~ a l l ~ ~ ~ s ~ ~  in the s e n s e  t h a t  e a c h  iteration i s  r e l e a s e 3  
for e x e c u t i o n  a s  soon as a l l  its i n p u t  variables are r e a d y .  
l i e s  t h a t  some s y s t e m  resources ( a t  l e a s t  soine 
memory s p a c e )  must b e  a l f o c a t e d  t o  each i t e r a t i o n  of  t h e  
s t a t e m e n t  at a l l  times, u n t i l  i t  h a s  b e e n  e x e c u t e d .  
rt some p r o c e s s e s  i t  is known i n  a d v a n c e  t h a t  t h e  
I t 1 ) L h  i t e r a t i o n  d e p e n d s  o n  t h e  r e s u l t s  of the I t h  
i o n ,  and so it w o u l d  h e  foolish to a l l o c a t e  system 
E e s o u r c e s  t o  all t h e  i t e r a t i o n s  a t  o n c e .  Furthermore, soms 
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algorithms, s u c h  a s  i t e r a t i o n  u n t i l  a c o n d i t i o n  is 
s a t i s f i e d ,  are d i f f i c u l t  or i m p o s s i b l e  t o  p r o g r a m  using the 
q u o t e d  t u p l e  c o n v e n t i o n .  Therefore, tw: ,  a d d i t i D n a 1  
c o n s t r u c t s  h a v e  b e e n  p r o v i d e d :  the F O R  l o o p  a n d  the W H I L E  
loop. T h e  f o r m a t s  are as  follous, w h e r e  <expr> r e p r e s e n t s  
a n y  expression not c o n t a i n i n g  the reserved word W I T H :  
FOR <name> <- < e x p r >  S T E P  <expr> U N T I L  <expr> DO 
WHILE < e x p r >  DO ..................... 
1 I 
1 <loop  body> 1 
1 < i n  i ti a 1  iz a tio n> J 
Loops obey the f o l l o w i n g  rules: 
7 .  The loop b o d y  is a set  of s t a t e m e n t s  o r  r i e s t e d  
loops. T h e  e n t i r e  l o o p  body is e x e c u t e d  repeatedly, 
a n d  each i t e r a t i o n  is n o t  b e g u n  until t h e  p r e v i o u s  
iteration has f i n i s h e d .  T h e  FOR l o o p  e x e c u t e s  i t s  
body  once for every i n d i c a t e d  v a l u e  oE its index 
v a r i a b l e .  The WHILE loop c o n t i n u e s  i t e r a t i n g  as" 
long a s  its c o n d i t i o n ,  is s a t i s f i e d ,  
2. The loop body must obey t h e  sinJle-assignment 
p r o p e r t y ,  both w i t h i n  itself a n d  w i t h  r e s p e c t  t o  the 
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e x t e r n a l  pTQgh-am. T h e  o rder  of e x e c u t i o n  of 
s t a t e m e n t s  i n s i d e  t h e  loop is g o v e r n e d  b y  their d a t a  
dep e n d e n e  i e s  
3 ,  For each v a r i a b l e  which is d e f i n e d  i n  t h e  l o o p ,  a t  
any p o i n t  in time, two v a l u e s  a r e  r e t a i n e d :  t he  
value computed i n  the p r e s e n t  i t e r a t i o n ,  an3 t h a  
value computed in t h e  p r e v i o u s  i t e r a t i o n ,  T h e  t e r n  
OLD X re fers  t o  the v a l u e  of X c o m p u t e d  i n  t h e  
previous i t e r a t i o n ,  The o p e r a t o r  OLD inay be u s e d  i n  
a n y  e x p r e s s i o n  inside a loop;  h o w e v e r ,  i t s  o p e r a n d  
must be a v a r i a b l e  d e f i n e d  i n  the loop  or i n  ail 
loop [not i n  a n  inner l o o p ) ,  
4, During t h e  first i t e r a t i o n  of the loop ,  the O L D  
v a l u e s  of the v a r i a b l e s  are d e f i n e d  by t h e  
i n i t i a l i z a t i o n .  E v e r y  v a r i a b l e  a p p e a r i n g  w i t h .  thc 
o p e r a t o r  O L D  must also a p p e a r  in the i n i t i a l i z a t i o n .  
T h e  f d l o  ample s h o w s  t h e  format of 
~ ~ ~ ~ ~ a l ~ z a t ~ o n :  
5 ,  
6 .  
he i n d e x  v a r i a b l e  of a FO Loop mus t  be 
i k e  a n y  o the  v a r i a b l e  i n  the 
The c o n t i n u a t i o n  c o n d i t i o n  of a WHILE l o o p  
c o n t a i n  any OLD r e f e r e n c e s ,  n o r  a n y  
n e d  in t h e  loop  but n o t  i n i t i a l i z e d .  
declared,  
p r o g r a m .  
may n o t  
v a r i a b l e s  
Xlhen a 
WHILE loop  is e x e c u t e d ,  v a r i a b l e s  a p p e a r i n g  i n  the 
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i n i t i a l i z a t i o n  are set t o  t h e i r  INITIAL v a l u e s .  The  
c o n t i n u a t i o n  c o n d i t i o n  i s  t h e n  tested; i f  i t  f a i l s ,  
n o  i t e r a t i o n s  o c c u r ,  a n d  t h e  v a r i s b l e s  r e t a i n  t h e i r  
I N I T I A L  v a l u e s ,  If t h e  c o n t i n u a t i o n  c o n d i t i o n  
s u c c e e d s ,  t h e  i n i t i a l  v a l u e s  o f  t h e  v a r i a b l e s  becoma 
t h e  OLD v a l u e s ,  a n d  t h e  f i r s t  i t e r a t i o n  p r o c e e d s .  
After each i t e r a t i o n ,  t h e  n e w l y  c o m p u t e d  v a l u e s  a r e  
used t o  d e t e r m i n e  w h e t h e r  a n o t h e r  i t e r a t i o n  s h o u l d  
o c c u r .  
7. G l o b a l  v a r i a b l e s  ( d e f i n e d  o u t s i d e  t h e  loop)  may b e  
u s e d  w i t h i n  t h e  loop. T h e s e  v a r i a b l e s  h a v e  t h e  same 
v a l u e  i n  e v e r y  i t e r a t i o n .  
8. If a s t a t e m e n t  o u t s i d e  a l o o p  u s e s  a s  a n  i n p u t  
q u a n t i t y  a v a r i a b l e  d e f i n e d  i n  t h e  l o o p ,  t h a t  
s t a t e m e n t  m u s t  wait u n t i l ,  a l l  i t e r a t i o n s  of the loop 
are c o n p l e t e .  Then, when the index v a r i a b l e  h a s  
been e x h a u s t e d  or t h e  c o n t i n u a t i o n  c o n d i t i o n  h a s  
f a i l e d ,  a l l  v a r i a b l e s  d e f i n e d  i n  t h e  l o o p  a r e  
c o n s i d e r e d  t o  be  r e a d y ,  a n d  t h e i r  v a l u e s  are t h e  
v a l u e s  c o m p u t e d  i n  t h e  l a s t  l o o p  i t e r a t i o n .  Note 
t h a t  t h i s  i m p l i e s  " l e v e l s "  of r e a d i n e s s ;  a v a r i 3 b l e  
d e f i n e d  i n  a loop may be 1*readyt8 t o  o t h e r  s t a t e m e n t s  
i n  i t s  l o o p ,  b e c a u s e  i t  has b e e n  d e f i n e d  f o r  a 
p a r t i c u l a r  i t e r a t i o n ,  b u t  " n o t  ready" t o  s t a t e m e n t s  
o u t s i d e  t h e  l oop ,  b e c a u s e  a l l  i t e r a t i o n s  are n o t  yet 
c o m p l e t e .  
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9 ,  T h e  two types of loops may bo n e s t e d  i l l s i . d e  each 
o t h e r  w i t h o u t  r e s t r i c t i o n  u p  to e i g h t  l eve l s  of 
n e s t i n g .  Before any i t e r a t i o n  of an outer l oop  i s  
c o n s i d e r e d  c o m p l e t e ,  a l l  i t e r a t i o n s  of  all inner  
oops  must be c o m p l e t e ,  
0, S t a t e m e n t s  i t e r a t e d  by the quoted t u p l e  nabie 
c o n v e n t i o n  may appear i n  a Loop body.  
1 1 .  No s t a t e K e n t  o u t s i d e  a F O R  loop may use t h e  i n d e x  
v a r i a b l e  of L e loop as a n  i n p u t .  variable. 
12,  The STEP c l a u s e  of a FOIi loop may b e  omitted, i;l 
h i c h  case the s t e p  i s  t a k e n  to b e  5 .  
1 3 .  No f u n c t i o n  d e f i n i t i o n  may occur i n s i d e  a l o o p ;  
however, a loop may o c c u r  i n s i d e  a function 
definition, and a f u n c t i o n  call n a y  occiui" i n s i d e  3 
l o o p ,  
i n g  example of a loop c o m p u t e s  N f a c t o r i a l :  
FOR 1 U N T I L  N DO 
D 
To ~ ~ l u s t ~ a t e  n e s t e d  l oops8  we m i g h t  n e s t  t h e  above 
l o o p  i n s i d e  a n o t h e r  loop, T h e  program belou computes N, 
I les t  i n t e g e r  h o s e  f a c t o r i a l  is g r e a t e r  t h a n  100: 
- 3 1  - 
W H I L E  FACT(100 DO 
I N I T I A L  N 4- 1, FACT 6- 1; 
N C OLD N 4 1; 
PACT f- X; 
FOR I C- 1 UNTIL N DO 
I N I T I A L  X C 1 ;  
X f OLD X 4 I; 
E N D  
END 
SPECXAL V A L U E S  
T h e  p r o g r a m m e r  may u s e  t h e  s p e c i a l  v a l u e  N I L  i n  
e x p r e s s i o n s .  N I L  is  the s t a t u s  of a name before  its vztluz 
is a s s i g n e d .  Any expression c o n t a i n i n g  t h e  word N I L  w i l l  
n e v e r  become r e a d y ,  and a s s i g n i n g  s u c h  a n  e x p r e s s i o n  t o  3 
name is t h e  same a s  no  a s s i g n m e n t .  T h e r e f o r e ,  a g i v e n  n a n e  
may a p p e a r  o n  t h e  l e f t  s i d e  of s e v e r a l  a s s i g n m e n t  
s t a t e m e n t s  w i t h o u t  v i o l a t i n g  t h e  s i 11 g 1 e - a s s i g n m en t 
p r o p e r t y ,  p r o v i d e d  t h a t  a t  most one of t h e  v a l u e s  a s s i g n e d  
t o  the name is n o t  N I L .  The following e x a m p l e  a s s i g n s  t;, X 
t h e  s u b s c r i p t  number  of the e l e m e n t  i n  the tuple A which  is 
e q u a l  to Q ( A  m u s t  c o n t a i n  only o n e  s u c h  elemant): 
r c (FIRST A TO LAST A>; 
X +- IF A \G $1' = Q THEN '1' ELSE N I L ;  
T h e  s p e c i a l  v a l u e  U N D E F I N E D  restilts when a n  o p e r a t i o n  
w h i c h  is s y n t a c t i c a l l y  correct has n o  m e a n i n g ,  s u c h  a s  
- 32 - 
2 whcn X is a number. Any o p e r a t i o n  h a v i n g  o n e  or aoct! 
operands UNDEFINEI'J  yields a n  U N D E F I M E D  result. 
COMMENTS 
A comment may occur at a n y  place i n  a program. Any t e x t  
beginning w i t h  the reserved word COMNENT a n d  e n d i n g  w i t h  a 
semicolon I;) is considered to b e  a c o m e n t ,  a n d  is i g n o r e d .  
OPERATOR . P BECEDENCE 
Operators in h i g h e r  classes are executed first. w i t h i n  
classes, operators are executed from left to r i g h t  a s  they 
occur i n  the program, 
f u n c t i o n  c a l l s  O L D  
4. .OF 
PPRST LAST R O U N D  FLOOR C E r L  ABS + * A N D  O R  (una ry )  
/ MOD 
+ - (binary) 
= 71 > )= < <= 
NOT 
AND 
OR 
ITH.. .c 
IF- rn ,THEN. e - E L S E  
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LIST OF R E S E R V E D  WORDS 
BEGIN 
END 
READ 
IJRITE: 
N I L  
T U P L E  
DECLARE 
FUNCTION 
D E F I N E  
XF 
THEN 
E L S E  
WITH 
O F  
FIRST 
LAST 
TO 
B Y  
IS 
AN D 
OR 
NOT 
MOD 
R O U N D  
FLOOR 
CEIL 
ABS 
COMHENT 
FOR 
STEP 
UNTIL 
WHILE 
DO 
TRUE 
F A L S E  
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c 
BNP D E S C R I P T I O N  OF SAMPLE S Y N T A X  
Note: T h e  c o n v e n t i o n  t h a t  all t e x t  e n c l o s e d  between 
~ O M M ~ ~ T  a n d  ; is ignored is  n o t  i n c l u d e d  i n  t h i s  
d e s c r i p t i o n  e 
<Frogran> ::= < b l o c k >  
(block) ::= BEGIN (block head> ( s t a t e m e n t  list> END 
(block head) ::= ( d e c l a r a t i o n )  
8 < b l o c k  head> ( f u n c t i o n  d e f n >  
(dec larat ion)  ::= D E C L A R E  < n a n e  list2 ; 
i DECLARE (name l ist> , FUNCTION (name list> ; 
( f u n c t i o n  d e f n >  ::= DEFINE <name> [ <name l ist> 1 ; 
< f u n c t i o n  body>  E N D  
1 DEFINE <name> ; ( f u n c t i o n  body> E N D  
<name list> ::= <name> 
j <name list> , <name> 
( f u n c t i o n  body> ::= ( d e c l a r a t i o n )  < s t a t e m e n t  list> <expr> 
1 ( s t a t e m e n t  list> <axpr> 
4 < e x p s >  
(statement list> ::= < s t a t e m e n t >  
1 ( s t a t e m e n t  list> ( s t a t e m e n t )  
<statement> 2:- < b l o c k >  
J <loop> 
J R E A D  <read list> ; 
J WRITE <write list> ; 
J < l e f t  p a r t >  I S  TUPLE (<nun) exprj,<num e x p r > f  ; 
I < l e f t  part> C- (expr9 ; 
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c 
<read list) ::= < r e n d  atom> 
I <read list> , < r e a d  atom> 
tread atom> := ( < l e f t  p a r t >  , <num e x p r >  ) 
(write l ist> ::= <write atom> 
1 (write list> , <write atom> 
<write atom> ::= ( < e x p r >  , <num e x p r >  ) 
<left p a r t >  := <name> 
1 (bounded  l e f t  p a r t >  
I (unbounded  l e f t  p a r t >  
(bounded  left p a r t >  ::= <name> < s u b s c r i p t >  OF <num e x p r >  
I <name> < s u b s c r i p t >  OF ( <num e x p r >  
<num expr> ) 
I ( b o u n d e d  l e f t  p a r t >  < s u b s c r i p t >  
OF <num e x p r >  
1 ( b o u n d e d  l e f t  p a r t )  < s u b s c r i p t >  O F  
[ <num e x p r >  , <num e x p r >  ) 
<unbounded  left p a r t )  ::= < l e a d e r >  < s u b s c r i p t >  
< l e a d e r >  ::= <name> 
1 < l e a d e r >  < s u b s c r i p t >  
< l o o p >  ::= FOR <name> C- < n u n  e x p r >  STEP <num e x p r >  UNTIL 
< n u n  e x p r >  DO < i n i t >  ; ( s t a t e m e n t  list> END 
1 FOR <name> C <num e x p r >  U N T I L  <num e x p r >  DO 
< i n i t >  ; < s t a t e m e n t  l ist> END 
I W H I L E  <num e x p r >  DO < i n i t >  ; < s t a t e m e n t  list> END 
< i n i t >  := INITIAL < i n i t  atow> 
I < i n i t >  , < i n i t  atom> 
< i n i t  atom> := <name> C. < e x p r >  
c 
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< e x p r >  : z =  < n u m  e x p r >  
<expr> HXTH <num e x p r >  C <num e x p r >  
< R u m  e x p r )  := ( l o g i c a l  e x p r >  
I IF <num e x p r >  THEN <num e x p r >  E L S E  <num expr) 
(logical e x p r >  ::= ( l o g i c a l  term> 
I ( l o g i c a l  e x p r >  O R  (logical term> 
(logical term> ::= ( l o g i c a l  factor)  
( l o g i c a l  term> A N D  (logical f a c t o r )  
< l o g i c a l  factor) ::= ( r e l a t i o n )  
I NOT < r e l a t i o n >  
< r e l a t i o n >  ::= ( a r i t h  e x p r >  
I t a r i t h  e x p r >  = ( a r i t h  exgr> 
1 < a r i t h  e x p r >  -.= < a r i t h  e x p r >  
1 ( a r i t h  expr>  < ( a r i t h  expr> 
I < a r i t h  e x p c >  <= < w i t h  expr> 
1 t a r i t h  e x p r >  > t a r i t h  expr> 
1 < a r i t h  e x p r >  >= ( a r i t h  e x p r >  
( a r i t h  s x p r >  ::= <term> 
I - <term> 
4 < w i t h  e x p r >  + <term> 
f < a r i t h  expr> - <term> 
:= <factor> 
f <term> * <fac to r>  
1 <term> / < f a c t o r >  
1 <term> HOD < f a c t o r >  I 
<t rm> 
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< f a c t o r >  ::= < q u a n t i t y >  
1 FIRST ( q u a n t i t y )  
I LAST < q u a n t i t y >  
1 ROUND < q u a n t i t y >  
1 FLOOR < q u a n t i t y >  
1 CEIL € q u a n t i t y >  
I ABS < q u a n t i t y >  
f < q u a n t i t y >  
I f € q u a n t i t y >  
J AND < q u a n t i t y >  
i OR € q u a n t i t y >  
1 <number> 
1 ( u n l a b e l l e d  t u p l e >  
<quantity> ::= <pr imary>  
1 (tuple element) 
<primary> : : = <name> 
J <name> 9 
1 O L D  <name> 
1 ( f u n c t i o n  c a l l >  
1 ( < e x p r >  
1 NTL 
I TRUE 
f FALSE 
< f u n c t i o n  c a l l >  ::= <name> [ (simple t u p l e )  1 
< t u p l e  element) ::= <primary>.  < s u b s c r i p t >  
1 < t u p l e  e l e m e n t )  < s u b s c r i p t >  
< s u b s c r i p t >  ::= .& (pr imary)  
1 .1, <number> 
t u n l a b e f l e d  t u p l e )  ::= < ( s i m p l e  tuple> > 
I < < t u p l e  s p e c i f i e r )  > 
I < >  
mpZe t u p l e )  ::= <expr> 
1 ( s i m p l e  t u p l e >  , < e x p r >  
( t u p l e  specifier) ::= tnum expr> TO < n u n  expr> 
1 <num expr> TO tnum expr> DY <num expr> 
<name> : z =  <let ter> 
1 <name> <le t ter>  
<name> <digit> 
<number> ::= ( u n s i g n e d  number) 
<sign> ( u n s i g n e d  number) 
(unsigrred number> ::= <real> 
<real> < e x p o n e n t >  
1 < e x p c ) n e n t >  
<real> : := < i n t e g e r >  
J ( i n t e g e r )  e 
j . < i n t e g e r >  
1 <integer> e < i n t e g e r >  
p o n e n t )  ::= E < i n t e g e r >  
E <sign> <integer> 
teger> := <digit> 
< i n t e g e r >  <digit> 
( letter)  := e a e f X l Y j Z  
< d i g i t > : : = I I  2 1 3  J 4 1  5 1 , 6 1 7 1 8 1 9 1  0 
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F I I O G R A M M I N G  EXAMPLES 
l e  M a t r i x  M u l t i p l i c a t i o n  P r o g r a m  
T h i s  program reads  matrices A a n d  B and  writes t h e i r  
p r o d u c t  C. I n p u t  matrices A a n d  B may b e  of a n y  s i z e  a n d  
s h a p e ,  p r o v i d e d  t h a t  t h e  number  of c o l u m n s  of A is equal  t o  
t h e  number  of rows of B e  B o t h  i n p u t  a n d  o u t p u t  matr ices  
are assumed t o  b e  r e p r e s e n t e d  a s  n e s t e d  t u p l e s ,  w i t h  one 
i n t e r i o r  t u p l e  r e p r e s e n t i n g  e a c h  row. Rows and c o l u m n s  a r e  
a s s u m e d  t o  b e g i n  w i t h  t h e  s u b s c r i p t  1. 
The p r o g r a m  c o m p u t e s  each p r o d u c t  element C \1, I CJr J a s  
t h e  sum over K of t h e  p a r t i a l  p r o d u c t s  
,4, I: \L K * B 4 K .& J . T h e  e x e c u t i o n  of t h e  p r o g r a m  m i g h t  
p r o c e e d  a s  Eollows: 
. The i n p u h  matrices A a n d  B are read. 
2, The following q u a n t i t i e s  are  c o n p u t e d :  
L = the number  of rows of A. 
a = the number  of c o l u m n s  of A ,  
equal t h e  number  of rows of 
N = t h e  number of c o l u m n s  of B.  
t u p l e s  I, J, a n d  K are  a s s i g  
v a r i a b l e s  of i t e r a t i o n ,  
3. Th 
w h i c h  m u s t  
B. 
ed t o  serve a s  
4. I n  a s i n g l e  s t a t e m e n t ,  a l l  t h e  m u l t i p l i c a t i o n  
o p e r a t i o n s  are p e r f o r m e d  a n d  the r e s u l t s  a re  s t o r e 3  
i n  a t r i p l y - n e s t e d  t u p l e  T. I f  A a n d  R a r e  b o t h  
square,  N x N matrices, t h i s  s i n g l e !  s t a t e m e n t  
c a u s e s  N c u b e d  m u l t i p l i c a t i o n s  t o  occur 
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s i m u l t a n e o u s l y  ( s u b j e c t  to t h e  l i m i t a t i o n s  of t h e  
hardware on w h i c h  t h e  problem is r u n ) .  
5 .  Each p r o d u c t  e l e m e n t  C d, I $. J is computed as the 
sum of t h e  elements of t h e  t u p l e  T J, 1 3, J, which 
r e p r e s e n t s  summat ion  over t h e  variable K m  A single 
statement c a u s e s  this summation t o  o c c u r  for every 
e l e r n e n t  C I .t J s i m u l t a n e o u s l y ,  completely 
d e f i n i n g  t h e  p r o d u c t  matr fx  C. 
6 ,  T h e  result C is w r i t t e n  into t h e  o u t p u t  medium. 
MRITE f C , 3 )  ; 
END. 
- Y 1  - 
2. M a t r i x  Reduction by G a u s s i a n  E l i m i n a t i o n  
The m a t r i x  A is  r e d u c e d  to u p p e r  d i a g o n a l  form b y  K O W  
opera t ions .  Rows a n d  columns are assumed t o  b e g i n  w i t h  
s u b s c r i p t  1 .  A t  every  step, rows are shuffled so that the 
row with l a r g e s t  coef f ic ient  is used a s  t h e  p i v o t a l  row. A 
may be a matrix of any s i z e  and s h a p e .  
BEGIN 
D E C L A R E  A, B, C,  D ,  I0 J, K0 L,  M ,  COLUUMN, P X V N O ,  PXVOT, 
FACTOR, FUNCTION MAXNO; 
DEFINE M A X N O  (U) ; 
COMMENT: RETURNS THE SUBSCRIPT YUMBER OF THE ELElYENT OF 
U H A V I N G  GREATEST A B S O L U T E  VALUE;  
DECLARE IU, V ;  
FOR IU C F I R S T  U UNTIL LAST 0 DO 
X N I T I A L  V f- FIRST U ;  
V f- I F  A B S / U  + (OLD V)) > ABS(U + X U )  
THEN OLD V ELSE TU; 
EWD 
V 
END 
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OR E C- 1 UNTIL L - 1 DO 
CCMMEMT: ONCE F O R  EACIi ROW EXCEPT THE LAST; 
INITIAL D f- A; 
J +- ( 1  TO I>; 
K C- <I+1 TO L>; 
H C <I TO L>; 
COMMENT: ISOLATE THE ITH COLUHN; 
@ u @  or I(I,L) c O L D  D 4 w .L I; 
COMMENT: F I N D  T H E  PrwoTAL R O W ;  
P I V N O  4- HAXNO (COLUMN) ; 
P I V O T  C- COLUMN JI P I V N O ;  
CCMMENT: INTERCHANGE P I V O T A L  ROk' WITH I T f I  ROW; 
B f- OLD D WITH I C- OLD D JI PIVNO; 
C C B PITH P I V N O  <- OLD D .L I; 
COCIMENT: DIVIDE EACH ROW BY THE A P P R O P R I A T E  FACTOR; 
'Kg OF ( I * l u L )  6 C & 'K' + I / PIVOT; 
- C \t I * FACTOR JI 'K*; 
END 
~ R ~ T E  ( D u 2 ) ;  
END I) 
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A 
3. U n i v e r s a l  T u r i n g  M a c h i n e  S i m u l a t o r  
T h i s  program r e a d s  a t u p l e  of 5 - t u p l e s  w h i c h  d e f i n e  t h 2  
T u r i n g  H a c h i n e  t o  be s i m u l a t e d .  E a c h  S - t u p l e  is a r u l e  
r e p r e s e n t i n g  a c o m b i n a t i o n  of current s t a t e ,  current s y m b o l ,  
next s t a t e ,  next s y m b o l ,  and movement a long  t h e  t a p e .  T h e  
program also reads t h e  i n i t i a l  t a p e ,  s t a t e ,  and  p o s i t i o n  of 
t h e  m a c h i n e .  I t  t h e n  s imu la t e s  the m a c h i n e ,  s t o p p i n g  when 
t h e  c u r r e n t  s t a t e  and  l e t te r  do n o t  m a t c h  a n y  S - t u p l e ,  The 
tape i s  allowed t o  grow w i t h o u t  bound ;  squares t o  t h e  right 
and left of t h e  i n i t i a l l y  d e f i n e d  t a p e  a r e  assur r led  t o  
con ta in  a l l  zeros. After e a c h  T u r i n g  M a c h i n e  cycle, the 
cycle number, s t a t e ,  p o s i t i o n ,  and  c o m p l e t e  t a p e  a r e  sent  t o  
the o u t p u t  medium. T h i s  is  n o t  a good parallel program, b u t  
it shows t h e  u n i v e r s a l i t y  of t h e  l anguage .  
B E G I N  
DECLARE RUZES, INITTAPE, INITSTAT, I N I T J ,  TAPE, STATE, 
COMHAND, LETTER,  I, J, K, FUNCTION CATLEFT, CATRIGHI'; 
DEFINE CATLEFT (TL, CL) ; 
COMHENT: RETURNS THE TUPLE TL, WITH THE ADDITIONAL 
ELEMENT CL CONCATENATED AT THE BEGINNING O F  THE 
TUPLE (USED WHEN THE TAPE C R O P S  T O  THE L E F T ) ;  
DECLARE I L ,  QL; 
IL C ( F I R S T  TL T O  LAST T L > ;  
QL I S  TUPLE(F1BST TL - 1, LAST TL) : . 
Q L  JI 9 1 ~ 8  +- TL 8 1 ~ 8 ;  
QL ( F I R S T  T L  - 1) C- CL; 
QL 
END 
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c. 
DEFXNE CATRIGMT(TR,  CR) ; 
COPIMENT: RETURNS THE T U P L E  TR, WITH THE A D D I T I O N A L  
ERENT CR CONCATENATED AT THE E N D  O F  THE 
TUPLE ( U S E D  WfiEN THE TAPE GROWS TO THE R I G H T ) ;  
DECLARE XR, Q H ;  
<FIRST TR TO LAST TD>; 
TUPLE(FIRST TR, LAST TR t 1) :  
QR & *IR* 6- TR .5/ *XEt8:  
2IST TR + 1) 4- CR; 
m 
N D  
READ (RULES, 1)  e ( f N I T T A P E , 2 ) ,  (INITSTAT,3), {INITJ,4) ; 
COMMENT: 
RULES IS A TUPLE OP 5-TUPLES WHICH GOVERN THE 
B E H A V I O R  OF T I E  MACHINE. 
INITTAPE IS A TUPLE REPRESEBTING T H E  IMFTIAL T A P E .  
I N I T S T A T E  IS A NUMEIEB REPRESENTING THE INITIAL 
STATE OF THE MACHINE, 
N ~ T ~  IS A NUMBER REPRESENTING THE I N I T I A L  LOCATION 
OP THE MACHINE { A S  A SUBSCRIPT I N T O  IrJfTTAPE);  
CQ TO LAST TUPLES>; 
AL TAPE +- I N I T T A P E ,  
ST ATE INITSTAT# 
J C. XNITJ, 
LETTER 
I 4- 0 ;  
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I C- O L D  I + 1 ;  
COMMENT: FIND THE 5-TUPLE WiiICfi MATCHES THE C U R R E K T  
SITU AT I O N ;  
CCPIMAND C I F  RULES .I 'K* JI 0 = OLD STATE 
AND RULES J *KO .j, 1 = OLD LETTER 
THEN RULES 4 lK* ELSE N I L ;  
COMMENT: CHANGE STATE A N D  P O S I T I O N I  AND WRITE O N  TAPE; 
STATE f- COMIYAND 4 2; 
J C OLD 3 + COMMAND .t 4; 
TAPE t- I F  J > LAST OLD TAPE THEN 
CATRIGHT(0LD TAPE WITH O L D  3 COMMAND J, 3, 0) 
ELSE I F  J < FIRST OLD TAPE THEN 
CBTLEFT(OLD TAPE WITH O L D  3 C COMMAND 4 3 ,  0) 
ELSE OLD TAPE WITH OLD J C- COMMAND J, 3; 
LETTER C TAPE \t J; 
CCMMENT: PRINT THE RESULTS OF T H I S  CYCLE; 
WRITE ( I , 4 * 1 - 3 ) ,  ( S T A T E , 4 * 1 - 2 ) ,  (J ,Y*I- l )  , ( T A P E , 4 * 1 )  ; 
END 
END. 
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4, Sort Program U s i n g  " D i v i d e  and Conquer" 
s ~ ~ o ~ ~ a ~  s o r t s  a t u p l e  recursively by s p l i t t i n g  it 
i n t o  two par 25, s o r t i n g  each pact,  a n d  merging the resu l t s .  
i t t e n  to i l l u s t r a t e  the recursive properties of t h e  
B E G ~ N  
RE U, V, FUNCTION SORT, MERGE; 
DEFINE SORT ( X )  ; 
~ O ~ M E ~ T :  I F X HAS 1 ELEMENT, R E T U R N  I T .  
IF X H A S  2 ELEMENTS, S O R T  THEN A N D  RETURN THEI4. 
F X HAS 3 O R  MORE ELEMENTS, B R E A K  I T  I N  HALF, 
LL SORT FOR EACH HALF, AND C A L L  MERGE 
PO8 THE RESULTS; 
DECLARE H, N, N, W g  Y,  Z; 
1 b I F  X J. 0 < X .,& 1 THEN X J. 0 ELSE X 4 1; 
l c - X F X ~ 0 ~ Y ~ I T H E N X ~ 1 E L S E X ~ 0 ;  
+- C E X ~ ~ L A S ~  X/2) ; 
T X-H) C X 4 'Ne; 
: THE FOLLOWIEG EXPRESSION IS T H E  V A L U E  TO B E  
= 0 THEM X 
FIERCE (SORT ( Y )  SORT (2) ) 
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D E F I N E  M E R G E  ( A  B) ; 
COMMENT: TUPLES A A N D  €3 A R E  EACH IN N U B E R X C  O i l D E R ,  
MERGE THEM I N T O  A SINGLE T U P L E ,  ALSO IN 
NUI"IER1C OR D E R ;  
DECLARE r, J, K, c;  
FOR K C 0 U N T I L  ( L A S T  A t LAST B + 1 )  DO 
I N I T I A L  I: 4- 0; 
I N I T I A L  J f 0; 
I C IF A 4 (OLD I) < B + (OLD J) 
THEN OLD I t 3 ELSE OLD I; 
J C IF A JI (OLD I) >= B JI ( O L D  J) 
TEiEN OLD 3 + 1 ELSE OLD J; 
G \I K OF LAST A 4 LAST B t 1 +- 
I F  A + ( O L D  S) < B .JI (OLD J) THEN A \L (3LD I) 
E L S E  B JI (OLD J): 
END 
C 
E N D  
READ ( U , I ) ;  
V C- S O H T ( U )  ; 
WRITE (V,2); 
END a 
CHAPTER THREE 
THE SYSTEM 
O R G A N 1 2  A T I O N  
P r o c e s s i n g  of a SAMPLE program c o n s i s t s  of two phases: 
compilation and e x e c u t i o n .  c a a p i l a t i o n ,  in turn, consists 
of two steps: s c a n n i n g  and pars ing .  The processes of 
scanning, parsing, a n d  e x e c u t i o n  operate on the following 
f o u r  Fass ive  storage devices: 
l e  The Text  Storage U n i t  (T5fJ) 
2. The MemoEy 
3. The  Ins truc t ion  Store (IS) 
Q. T h e  Ready L i s t  ( R L )  
The scamer accepts t h e  source program a s  a string of 
cters. S c a n n i n g  through the program from left to  
0 the scanner  recognizes reserved words, names, and 
n l a c t i c  e n t i t i e s ,  converts them t o  symbols, ami 
p ~ a ~ @ ~  them i n  the T e x t  Storage U n i t .  
he input t o  t h e  p a r s e r  is t h e  o u t p u t  of the scanner: 
ing of s y m b o l s  in the TSU which represent t h e  source 
program. The parser performs- f i * r e d u c t i o n s "  o n  these symbols 
a ~ c ~ ~ ~ ~ ~ g  to t h e  ru les  of the SARPLE grammar, meanwhile 
ject program i n t o  t h e  Rentary, I n s t r u c t i o n  
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Store ,  a n d  Ready L i s t .  A t  t h e  c o n c l u s i o n  of p a r s i n g ,  tt13 
TSU w i l l  c o n t a i n  the s i n g l e  g o a l  s y m b o l  € p r o g r a m > ,  and t h n  
o t h e r  s t o r a g e  e n t i t i e s  will c o n t a i n  t h e  o b j e c t  p rogram,  
r e a d y  for  e x e c u t i o n .  
When t h e  p r o g r a m  is ready f o r  e x e c u t i o n ,  the 
I n s t r u c t i o n  S tore  (IS) c o n t a i n s  a number of i n s t r u c t i D n s ,  
e a c h  of w h i c h  has a n  o p c o d e  a n d  u p  t o  f o u r  o p e r a n d s .  Plost 
of t h e  o p e r a n d s  a r e  addres ses  of da t a  i n  t h e  m m b r y .  T h e  
i n s t r u c t i o n s  i n  t h e  IS do n o t  n e c e s s a r i l y  a p p e a r  in the 
order  i n  wh ich  t h e y  will e x e c u t e .  T h e  Ready L i s t  ( R L )  
c o n t a i n s  c o p i e s  of t h o s e  i n s t r u c t i o n s  w h i c h  a r e  c u r r e n t l y  
r e a d y  t o  be e x e c u t e d .  Each c e l l  i n  t h e  MernDry c o n t a i n s ,  
i n  a d d i t i o n  t o  a da ta  v a l u e ,  a p o i n t e r  t o  a l i s t  of 
i n s t r u c t i o n s  i n  t h e  IS w h i c h  d e p e n d  on t h a t  p a r t i c u l a r  ! la ta  
v a l u e  a s  a n  i n p u t  o p e r a n d .  The Memory c e l l  c o n t a i n s  the 
a d d r e s s  of ,one s u c h  i n s t r u c t i o n ,  a n d  t h e  i n s t r u c t i o n s  form 
a l i n k e d  list, e a c h  o n e  p o i n t i n g  to t h e  n e x t .  
T h e  actual e x e c u t i o n  is p e r f o r m e d  by  many p r o c e s s D r s ,  
a l l  a c t i v e  s i m u l t a n e o u s l y .  All p r o c e s s o r s  c o n t i n u o u s l y  
e x e c u t e  t h e  same s e q u e n c e  of a c t i o n s ,  c s l l e d  t h e  Basic 
I n s t r u c t i o n  R o u t i n e ,  w h i c h  has t h e  f o l l o u i n g  s t 2 p s :  
1. The p r o c e s s o r  o b t a i n s  from t h e  Ready  L i s t  a n  
i n s t r u c t i o n  w h i c h  is r e a d y  to b e  e x e c u t e d .  
2. T h e  processor fetches t h e  i n p u t  o p e r a n d s  f r o n  
t h e  memory, p e r f o r m s  t h e  i n d i c a t e d  o p e r a t i o n ,  a n d  
u r i t e s  t h e  r e s u l t i n g  o u t p u t  operand i n  memory. 
3. T h e  proccssor now o l l o u s  t h e  l i n k e d  l i s t  of 
i n s t r u c t i o n s  a i t i n g  f o r  the memory cell 
h i c h  h a s  j u s t  b e e n  defined. I n  e a c h  s u c h  
i n s t r u c t i o n ,  t h e  ready b i t  is t u r n e d  on f o r  t h e  
o p e r a n d  i n  q u e s t i o n ,  'If a n y  s u c h  i n s t r u c t i o n  
becomes ready (all its ready b i t s  are on),  it is 
added t o  the R e a d y  List. When t h e  processor 
r e a c h e s  the e n d  of the fist of waiting 
s u c t i o n s ,  it returns to s t e p  (1 )  a b 3 v e .  
E x e c u t i o n  i s  complete when all proc:essors a re  i d l e  and the 
R e a d y  L i s t  is e m p t y .  
During e e c u t i o n ,  many processors are m a k i n g  
S i m u P t a n e O u S  access requests t o  the Memory, IS, an3 RL. In 
order to f a c i l i t a t e  parallelism, each of t h e s e  storage 
units is o r g a n i z e d  i n t o  several banks, and t h e  addresses of 
cells w i t h i n  t h e  u n i  a r e  i n t e r l e a v e d  among t h e  banks. 
Each stosage unit CBA s i m u l t a n e o u s l y  service m u f t i p l i  
h e  ce l l s  t o  be a c c e s s e d  l i e  i n  
, Thus many processors c a n  be active w i t h  
m u m  of storage c o n f l i c t s .  
The four storage u n i t s  are described i n  d e t a i l  below. 
he processes of c o m p i l a t i o n  a n d  e x e c u t i o n  are d e s c r i b e d  i n  
il, u i t h  exampleso in t h e  fol lowing chapters .  
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THE TEXT STORAGE UNIT (TSU) 
The T e x t  Storage  U n i t  a c c e p t s  t h e  source p r o g r a m  frorn 
t h e  s c a n n e r ,  a n d  c o n t a i n s  t h e  p a r t i a l l y - p a r s e d  p r o g r a m  a t  
a l l  t i n e s  d a r i n g  p a r s i n g .  T h e  p r o g r a m  is r e p r e s e n t e d  i n  
t h e  TSU as a n  o r d e r e d  s t r i n g  of s y m b o l s  from the SAMPLE 
g rammar .  T h i s  t h e s i s  does not s p e c i f y  t h e  means  by uhich 
t h e  s c a n n i n g  a n d  p a r s i n g  a l g o r i t h m s  are  t o  b e  i m p l e m e n t e d ;  
t h e r e f o r e  we will n o t  s p e c i f y  t h e  d e t a i l e d  s t r u c t u r e  of t h e  
TSU, One  p o s s i b i l i t y  is t h a t  c o n p i l a t i o n  of SAMPLE 
p r o g r a m s  m i g h t  be d o n e  o n  a c o n v e n t i o n a l  m a c h i n e ,  a n d  t h e  
r e s u l . t i n g  object  program executed on t h e  SAlYPiE system. 
I n  t h i s  case, t h e  TSU is s i f f i p l y  t h e  memory of  t h e  
conventional m a c h i n e .  
However it is i m p l e m e n t e d ,  t h e  TSU must c o n t a i n  a n  
o r d e r e d  sequence of s y m b o l s ,  and  t h e  sequence must b e  sble 
t o  b e  m o d i f i e d  d u r i n g  t h e  p a r s i n g  p r o c e s s .  Each  s y m b o l  
must contain t h e  f o l l o u i n g  i n f o r m a t i o n :  
i, A r r t y p o l t  f i e l d ,  w h i c h  d e n o t e s  one of t h e  s y m b o l  
t y p e s  of t h e  SAMPLE grammar .  
2, A "value" f i e l d ,  w h i c h  c o n t a i n s  a r e f e r e n c e  t o  t h e  
value of t h e  s y m b o l .  T h i s  m i g h t  be: 
a. A memory addres s  (M-ref e r a n c e )  . 
b, A t a g  for u h i c h  n o  memory c e l l  h a s  y e t  b e e n  
a l l o c a t e d  ( T - r e f e r e n c e )  , 
C. T h e  a d d r e s s  of a n  i n s t r u c t i o n  i n  t h e  I S  
( I - r e f e r e n c e )  
c 
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3, A " c o d e  begin" f i e l d  which p o i n t s  t o  t h e  f i r s t  of 3 
linked list of i n s t r u c t i o n s  i n  the IS w h i c h  a r e  
a s s o c i a t e d  with t h e  symbol. 
I r e  A "code  end1* f i e l d  w h i c h  p o i n t s  t o  t h e  l a s t  of the 
l i n k e d  list of i n s t r u c t i o n s  i n  t h e  IS w h i c h  a r e  
associated with the symbol .  
I 
In t h e  following c h a p t e r s ,  it v i 1 1  occasionally ba 
n e c e s s a r y  to r e p r e s e n t  a TSU symbol.  Terminal  syrabo l s  will 
be represented  by t h e m s e l v e s ,  s u c h  as + . Nonterrrtinal 
s y m b o l s  w i l J .  be r e p r e s e n t e d  by t h e i r  **typeer ,  t 8 v i f l u e 1 a ,  and 
"code beg in '*  f i e l d s  e n c l o s e d  i n  b r a c k e t s ,  s u c h  a s  
< t e r m . T I . I 2 >  e I f  t h e  content of one o r  more of t h e s e  
f i e l d s  is  immaterial, it may be o m i t t e d ;  for example ,  t h e  
above symbol. m i g h t  h a v e  b e e n  written as  <term.TI> o r  e v e n  
as <term> . 
THE MEEIORY 
T h e  Memory is t h e  s t o r a g e  place €or d a t a  d u r i n g  t h e  
e x e c u t i o n  of a p rogram,  Its entries, c a l l e d  ltcelfstl ,  are 
a d d r e s s a b l e  by o r d i n a l  Q U m b Q r S ,  Memory addresses are 
referred t o  as 8J 'M-referencesgt .  E a c h  memory cell c o n t a i n s :  
1. A " type* t  bit, w h i c h  denotes w h e t h e r  t h e  cell 
c o n t a i n s  a number  or a t u p l e .  
2e A 18ready@* f i e l d ,  w h i c h  c a n  denote one o f  eight 
levels of r e a d i n e s s .  T h e  levels of r e a d i n e s s  
c o r r e s p q n d  to levels of n e s t i n g  of loops. Level 
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c 
seven denotes t h e  R a i n  program, level s i x  a s i m p l e  
loop ,  l eve l  f i v e  a n e s t e d  l o o p ,  etc. T h e  z e r o t h  
l e v e l  of r e a d i n e s s  d e n o t e s  ' @ n o t  ready  o n  a n y  
l e v e l t 9 .  For a t u p l e  t o  b e  m a r k e d  " r e a d y i ' ,  o n l y  i t s  
' J f i r s t t* ,  I t la s t** ,  a n d  @!start" f i e l d s  m u s t  be  d e f  i n c d ;  
n o n e  of its e l e m e n t s  n e e d  b e  d e f i n e d .  
3. A i * c o n t e n t t l  f i e l d .  
a. I f  t h e  c e l l  i s  a n u m b e r ,  the t 9 c o r \ t e n t f 1  f i e l d  
c o n t a i n s  a r ea l  number  oc t h e  s p e c i a l  m l u e  
UNDEFINED. 
b. I f  the cell is a t u p l e ,  t h e  l l c o n t e n t "  f ie13 
c o n t a i n s :  
1. & 8ifirstf* f i e l d  equal t o  t h e  f i r s t  s u h s c r i p t  
n u m b e r  of t h e  t u p l e .  
2. A field e q u a l  t o  t h e  l a s t  s u b s c r i p t  
n u m b e r  of t h e  t u p l e .  ( I f  the c o n t e n t  of t h e  
cell is the n u l l  t u p l e ,  t h e  **firstgt a n d  
" l a s t "  f i e l d s  c o n t a i n  a s p e c i a l  co3e.)  
3. A **start1' f i e l d  w h i c h  p o i n t s  t o  t h e  memory 
a d d r e s s  c o n t a i n i n g  t h e  f i r s t  t u p l e  e l e m e n t .  
All t u p l e  e l e m e n t s  m u s t  o c c u p y  c o n t i g u o u s  
cells i n  memory, b e g i n n i n g  w i t h  t h e  c e l l  
p o i n t e d  to by t h e  vastart" field. Each 
t u p l e  e l e m e n t  may b e  e i t h e r  a number  or ?L 
t u p l e .  I f  t h e  t u p l e  h a s  no e l e m e n t s ,  t h e  
" s ta r t**  f i e l d  c o n t a i n s  a s p e c i a l  t g n u l l "  
code. 
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4. An llooldtt f i e l d ,  w h i c h  p o i n t s  t o  a n o t h e r  memory c - . l P .  
Tr, loop p r o c e s s i n g ,  t h i s  f i e l d  p o i n t s  t o  the v i l u e  
of t h i s  cell the last time a r o u n d  the loop. 
5.  A t l l . i n k a l  f i e l d ,  which points t o  a n  i n s t r u c t i o n  i n  
t h e  IS w h i c h  d e p e n d s  o n  the rrteinory c e l l  a s  a n  i n p u t  
o p e r a n d .  This i n s t r u c t i o n  is t h e  f i r s t  of a l i n k e i i  
list of d e p e n d e n t  i n s t r u c t i o n s  w h i c h  x u s t .  be u p d 2 t e d  
when t h e  menlory c e l l  becomes r e a d y .  The ' 8  1 i n k  
f i e l d  may c o n t a i n  t h e  null pointer. 
The m e n o r y  is  o r g a n i z e d  i n t o  b a n k s ,  each sf r a h i c h  can 
i n d e p e n d e n t l y  s e r v i c c  a n  access r e q u e s t  in one cycle. The 
memory addresses dre i n t e r l e a w e d  among t h e  h a n k s  i n  s u c h  a 
vay  that s u c c e s s i v e  addresses  are i n  different bar tks .  
Requests for a p a r t i c u l a r  ;merr,ot.y a d d r e s s  are aut-umatic3. l l -y  
r o u t e d  to the correct bank. The memory c a n  service  tiit? 
following types of r e q u e s t s  ( r e q u e s t  p a r a m e t o r s  shown i n  
p r e n t h e s e s )  : 
1, Memory Read (HR ( a d d r e s s ) )  
The contents of  cel l  (address) are  s e n t  t o  t h e  
r e q u e s t i n g  processor. T h e  c e l l  is u n c h a n - ~ e d .  
2, Memory Read-Write { M B W  (address) ( d a t a )  ) 
T h e  c o n t e n t s  of  cell (address) are  s e n t  t3 t he  
r e q u e s t i n g  p r o c e s s o r , .  a n d  (data) repl3ces a l l  the 
fields of the  memory c e l l  except the 8 t l i n k 8 s  € 1 2 1 3 ,  
which remains u n c h a n g e d .  
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3. Memory Read-Write L i n k  C o n d i t i o n a l  
(MRWLC ( a d d r e s s )  (data)  ( l e v e l )  ) 
T h e  c o n t e n t s  of ce l l  ( a d d r e s s )  a r e  s e n t  t o  the 
r e q u e s t i n g  p r o c e s s o r .  T h e  " ready1 '  f i e l d  of t h e  
memory ce l l  a t  ( a d d r e s s )  is c o m p a r e d  t o  ( l e v e l ) .  If 
t h e  memory cell is r e a d y  on t h e  same or a lesser  
l e v e l  t h a n  ( l e v e l ) ,  t h e  c e l l  is u n c h a n g e d ;  o therwise  
( d a t a )  r e p l a c e s  t h e  f i e l d  of t h e  cell, a n d  
its o t h e r  f i e l d s  are u n c h a n g e d ,  
4. Memory Allocate ( M A  ( n u m b e r ) )  
(Number)  new, u n u s e d  memory cells  are  a l l o c a t e d  t o  
t h e  r e q u e s t i n g  p r p c e s s o r ,  i n  a c o n n e c t e d  b l o c k .  T h s  
processor is g i v e n  the address of the first ce l l  i n  
t h e  b lock ,  D u r i n g  t h e  r u n  of a p r o g r a m ,  memory 
cells are a l w a y s  a l loca ted  i n  o rder  of a s c e n d i n g  
addresses. A c e n t r a l  a l l o c a t i o n  r e g i s t e r  c o n t a i n s  
t h e  address of the f i rs t  n o n - a l l o c a t e d  memory ce l l .  
S e r v i c i n g  a Memory Allocate r e q u e s t  s i m p l y  c o n s i s t s  
of r e t u r n i n g  t h e  content of t h e  a l l o c a t i o n  reg is te r  
to  t h e  r e q u e s t i n g  p r o c e s s o r ,  a n d  i n c r e m e n t i n g  t h e  
a l l p c a t i o n  register by ( n u m b e r ) .  S i n c e  t h e  
a l l o c a t i o n  register c a n  b e  a f a s t  e l e c t r o n i c  
register, we a s s u m e  t h a t  many Hemory Al loca te  
r e q u e s t s  c a n  be s e r v i c e d  i n  one c y c l e ,  Hemory 
Al loca te  requests  do^ n o t  make a n y  memory bank h u s y ,  
It  is a s s u m e a  t h a t  a l l  t h e  n e u l y - a l l o c a t e d  memory 
ce l l s  are marked " n o t  r e a d y  o n  a n y  l e v e l " .  
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THE INSTRUCTION S T O R E  (IS) 
Instructions are p l a c e d  i n  the I n s t r u c t i o n  Store by t h a  
c o m p i l e r ,  a n d  are m o d i f i e d  a n d  e x e c u t e d  b y  t h e  p r o c e s s o r s .  
T h e  IS entries are a d d r e s s a b l e  by o r d i n a l  n u m b s r s ,  
n s t r u c t i o n  a d d r e s s e s  are referred t o  a s  tgI-referencis". 
Each i n s t r u c t i o n  c o n t a i n s :  
1 ,  A t l level" f i e l d ,  which  can dcriote one o f  e i g h t  
levels ,  corresponding t o  loop n e s t i n g  l eve ls ,  
2. An 
or 
a. 
b o  
6. 
d ,  
e ,  
f .  
(3. 
he 
i, 
1topcod2v8,  which d c n o t e s  a p a r t i c u l a r  o p e r a t i o n ,  
may b e  one of the f o l l o w i n g  speci.31 coCies: 
Continuation of p r e v i o u s  o p c o d e  
X T E R A N T  
PAR A M  ETE R 
RESULT 
I N T E R N A L  
DOUBLE 
EOC AL 
STARTUP 
NESTED 
3,  FOLIE o p e r a n d s ,  e a c h  of which c o n t a i n s :  
a,  r e f e r e n c e  t o  the a c t u a l  operand, This may be: 
1. E m o r y  a d d r e s s  (M-reference) . 
2, A tag €or which no memory cell h a s  y e t  b e e n  
a 11 ocat  e d  [ T- r ,e fer e n c e) e 
. T h e  a d d r e s s  or' a n o t h e r  i n s t r u c t i o n  
(I-reference) e 
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A 
4. A *ll i teral t* ,  r e p r e s e n t i n g  a n  i n t e g e r  v a l u e  
( t - r e f e r e n c e )  , 
5, U n u s e d  ( i n s t r u c t i o n  has fewer t h a n  f o u c  
o p e r a n d s )  . 
b. A " r e a d y "  b i t ,  d e n o t i n g  t h a t  t h e  o p e r a n d  c e l l  i s  
r e a d y  o n  a t  l e a s t  t h e  same level a s  t h e  level of 
t h e  i n s t r u c t i o n .  I f  t h e  o p e r a n d  i s  a n  I- o r  
L - r e f e r e n c e  or u n u s e d ,  it is always c o n s i d z r e d  
t o  be r e a d y  a n d  its r e a d y  b i t  is au tomat i ca l l ey  
set .  
c. A " l i n k "  f i e l d  w h i c h  p o i n t s  t o  a n o t h e r  
i n s t r u c t i o n .  By m e a n s  of t h e s e  l i n k  f i e l d s ,  
l i n k e d  lists a r e  formed of i n s t r u c t i o n s  which 
are u a i t i n g  f o r  a p a r t i c u l a r  memory cell a s  an  
i n p u t  o p e r a n d ,  T h e  l i n k  f i e l d  oE t h e  memory 
cell  p o i n t s  t o  t h e  f i r s t  s u c h  i n s t r u c t i o n ,  a n d  
each i n s t r u c t i o n  p o i n t s  t o  t h e  n e x t  i n s t r u c t i o n  
by m e a n s  of  t h e  l i n k  f i e l d  assoc ia ted  w i t h  t h e  
p a r t i c u l a r  o p e r a n d  i n  q u e s t i o n ,  B e c a u s e  each 
i n s t r u c t i o n  h a s  f o u r  o p e r a n d s ,  i t  c a n  
p a r t i c i p a t e  i n  u p  t o  f o u r  l i n k e d  lists. A l i n k  
f i e l d  may c o n t a i n  t h e  n u l l  p o i n t e r .  
4. A " s t a t e m e n t  l i n k "  f i e l d  w h i c h  p o i n t s  t o  a n o t h e r  
i n s t r u c t i o n .  By m e a n s  of t h i s  f i e l d ,  i n s t r u c t i o n s  
r e s u l t i n g  from the same s o u r c e  l a n g u a g e  s t a t e m e n t  
form a l i n k e d  l ist f o r  p r o c e s s i n g  by the EXFAigU'D 
i n s t r u c t i o n ,  T h i s  f i e l d  may c o n t a i n  t h e  n u l l  p o i n t e r .  
5. A g*p?x?sence f i  b i t .  Uhen t h e  cell. is allocated brxt 
does riot yet c o n t a i n  a n  instruction, this b i t  is 
set t o  0 ( " n o t  p r e s e n t 1 * ) ,  AZter an i n s t r u c t i o n  h a s  
been p l a c e d  i n  t h e  ce l l ,  the bit i s  s e t  t o  1 
s i"pesente8)  e 
The IS is organized i n t o  b a n k s ,  each oE w h i c h  can  
i n d e p e n d e n t l y  service an access request in oxic cycle. T h s  
i n s t r u c t i o n  a d d r e s s e s  are interleaved aruung the b a n k s  i n  
such a w a y  t h a t  s u c c e s s i v e  addresses are  i n  different banks ; .  
R e q u e s t s  f o r  a p a r t i c u l a r  address a r e  automatically r o u t e l  
t o  t h e  c o r r e c t  b a n k ,  The XS can service t h e  f o l l o w i n g  t y p e s  
of r e q u e s t s  request p a r a m e t e r s  shown i n  parentheses) : 
1. I n s t r u c t i o r i  aead ( x n  (address)) 
T h e  i n s t r u c t i o n  a t  (address)  is sent  to t h e  
r e q u e s t i n g  processor. 
2. I n s t r u c t i o n  Write (IW ( a d d r e s s )  ( d a t a )  1 
Data) becomes t h e  new IS e n t r y  a t  ( a d d r e s s ) .  
T h e  sfprescnceqs b i t  is p a r t  of t h e  d a t a  w h i c h  is 
w r i t t e n ;  t h i s  r e q u e s t  u s u a l l y  s e t s  this b i t  t o  
SF p r  esen tg8 e 
3, I n s t r u c t i o n  S e t  Ready Bit 
(IS RB (address) (data) (level) ) 
The i n s t r u c t i o n  a t  (address) is s e n t  t o  t h e  
r e q u e s t i n g  p r o c e s s o r .  i n  a d d i t i o n ,  t h e  o p e r a n d s  of 
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the i n s t r u c t i o n  are a11 c o m p a r e d  with ( d a t a ) ;  all 
o p e r a n d  r e f e r e n c e s  w h i c h  ma tch  (data)  h a v e  t h e i r  
ready bits turned o n  if (level) is g r e a t e r  t h a n  o r  
e q u a l  t o  t h e  f s l e v e l t t  f i e l d  of the i n s t r u c t i o n .  
4. I n s t r u c t i o n  S e t  R e a d y  Bit, Low Priority 
( I S R B L  ( a d d r e s s )  (da ta )  ( l e v e l )  ) 
T h i s  r e q u e s t  behaves  e x a c t l y  the same 3 s  ISRB except 
t h a t  it has lower p r i o r i t y  t h a n  a n y  other r equas t .  
It  is u s e d  by a processor w h i c h  is t r y i n g  t o  do an 
I S R B  o n  a n  i n s t r u c t i o n  which is n o t  y e t  p r e s e n t .  
The low p r i o r i t y  of the ISHBL r e q u e s t  p r e v e n t s  i t  
f r o n  e 9 1 0 c k i n g  o u t t 1  a n y  processor w h i c h  may h e  t r y i n g  
to write an i n s t r u c t  i o n  i n t o  (address). 
5. I n s t r u c t i o n  Allocate  (IA ( n u m b e r ) )  
(Number)  new, u n u s e d  i n s t r u c t i o n  cells a r s  
al located t o  t h e  r e q u e s t i n g  p r o c e s s o r ,  i n  a 
c o n n e c t e d  b l o c k .  The p r o c e s s o r  is  g i v e n  t h i  
address of the first cel l  i n  t h e  block. D u r i n g  t h e  
r u n  of a p r o g r a m ,  i n s t r u c t i o n  cells are a lways  
allocated i n  order of a s c e n d i n g  addresses .  A 
c e n t r a l  a l l o c a t i o n  r e g i s t e r  c o n t a i n s  t h e  a d d r e s s  of 
the first n o  n- a 1 l o c a t e d  i n s t r u c t i o n  c e l l .  
S e r v i c i n g  a n  I n s t r u c t i o n  Allocate r e q u e s t  s i n p l y  
c o n s i s t s  of r e t u r n i n g  t h e  c o n t e n t  of the a l l o c a t i o n  
register to t h e  r e q u e s t i n g  p r o c e s s o r ,  a n d  
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i n c r c m e n t i n g  t h e  a l l o e a  t i o n  register by ( n u m b i r )  
Since the a l l o c a t i o n  reg is te r  c a n  b e  a fast 
ectroiiic register,  u e  a s s u m e  t h a t  many 
I n s t r u c t i o n  Allocate  r e q u e s t s  c a n  be s e r v i c e d  i n  
one c y c l e ,  I n s t r u c t i o n  A l loca te  r e q u e s t s  do n o t  
m a k e  any  i n s t r u c t i o n  b a n k  busy. It is assumed t h a t  
the p r e s e n c e  b i t s  of a 11 n e w l y - a l l o c i t e d  
i n s t r u c t i o n s  are set to ' 'not p r e s e n t " .  
THE REaDY L I S T  (RL) 
The R e a d y  L i s t  contains t h o s e  i n s t r u c t i o a s  w h i c h  a r e  
r e a d y  t o  be executed b e c a u s e  a l l  their o p e r a n d s  h a v e  heen 
f o u n d  Lo be ready,  T h e  e n t r i e s  are n o t  addressable .  E a c h  
e n t r y  consists of a n  o p c o d e  a n d  e i g h t  o p e r a n d s ,  each of 
h i c h  may be a n  M-, I-, o r  L-reference, or u n u s e d .  
The R L  8s o r g a n i z e d  into b a n k s .  B e c a u s e  Ready List 
e p u e s t s  do not refer to s p e c i f i c  a d d r e s s e s ,  a n y  baiik may 
service a request, s u b j e c t  to c e r t a i n  c o n s t r a i n t s  
low, A u n i q u e  but r a n d o m  o r d e r i n g  e n s u r e s  t h a t  
each i n c o m i n g  request i n  a g i v e n  c y c l e  is serviced by  a 
i f f e r e n t  bank u n t i l  all b a n k s  a r e  b u s y .  The H L  can s e r v i c e  
the f o l l o w i n g  t y p e s  of requests: 
1. R e a d y l i s t  Add (RA ( d a t a ) )  
This r e q u e s t  can be serviced only b y  a bank w h i c h  is 
n o t  a l r e a d y  f u l l m  T h e  ( d a t a ) ,  c o n s i s t i n g  of a n  
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i n s t r u c t i o n  r e a d y  t o  be e x e c u t e d ,  is  a d d e d  t o  t h e  
R e a d y  L i s t ,  However, i n  t h e  case when all b a n k s  of 
t h e  RE, are  e m p t y  and a n o t h e r  p r o c e s s o r  is r e q u e s t i n g  
a s i m u l t a n e o u s  R e a d y l i s t  F e t c h  (RF), t h e  (data)  i s  
sent d i r e c t l y  t o  the o t h e r  p r o c e s s o r  rather t h a n  t3 
the Ready List. 
2. R e a d y l i s t  F e t c h  (RF) 
This r e q u e s t  c a n  be s e r v i c e d  only by a bank which i s  
not. c o m p l e t e l y  e m p t y .  T h e  b a n k  s e n d s  one of its 
r e a d y  i n s t r u c t i o n s  to t h e  r e q u e s t i n g  processor, an3 
deletes t h i s  e n t r y  from the bank. Each Reaay L i s t  
bank serves a s  a f i r s t - i n ,  f i r s t - o u t  q u e u e  of r e a d y  
i n s t r u c t i o n s ,  r e s p o n d i n g  t o  each RF request b y  
returning the i n s t r u c t i o n  w h i c h  h a s  been present 
i n  the b a n k  f o r  the l o n g e s t  time. If a l l  h a n k s  of  
the RL are c o m p l e t e l y  e m p t y  a n d  a n o t h e r  processor  
is r e q u e s t i n g  a s i m u l t a n e o u s  R e a d y l i s t  Add ( a n ) ,  
the o t h e r  processor s e n d s  its i n s t r u c t i o n  a d d r e s s  
d i r e c t l y  t o  t h e  r e q u e s t i n g  processor. 
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CHAPTER FOUR 
COMPILATION 
THE SCRNNER 
i n s i d e  
memory 
v a r i a b  
The p u r p o s e  of the s c a n n e r  is t o  c o n v e r t  t h e  SAlYlPLE 
source p r o g r a m  from a s t r i n g  of a l p h a b e t i c  a n d  n u m e r i c  
characters tp a string of symbols w h i c h  a re  m e a n i n g f u l  t o  
t h e  recognizer, In so doing, the s c a n n e r  also r e m o v e s  
comments a n d  b l o c k  s t r u c t u r e  f r o n  t h e  p r o g r a n ,  a l l o c a t e s  
memory cells to nanes, a n d  performs certain other o p e r a t i o n s .  
I n p u t  t o  t h e  s c a n n e r  is t h e  SANPLE p r o g r a m  a s  w r i t t e n  b y  
t h e  p r o g r a m m e r ,  The s c a n n e r  m a k e s  a s i n g l e  s e q u e n t i a l  pass 
over the program. D u r i n g  t h i s  pass, ' f b i n d i n g s t g  a r e  made 
a c c o r d i n g  t o  the f o l l o w i n g  rules: 
1, b'hen the s c a n n e r  reads a d e c l a r a t i o n  w h i c h  is n o t  
b i n d s  a u n i q u e  
each d e c l a r e d  
e name, a n d  a u n i q u e  i n s - r u c t i o n  address 
( I - r e f e r e n c e )  t o  each declared f u n c t i o n  name, The 
s c a n n e r  must r e q u e s t  a l l o c a t i o n  of e m p t y  cell 
a d d r e s s e s  from t h e  rnem~ry a n d  t h e  i n s t r u c t i o n  store 
for this p u r p o s e ,  
a f u n c t i o n  d e f i n i t i a n ,  i t  
a d d r e s s  (M-reference) t o  
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2, When t h o  s c a n n e r  reads a formal p a r a m e t e r  l ist  i n  a 
f u n c t i o n  d e f i n i t i o n ,  i t  b i n d s  a u n i q u e  t a g  
I T - r e f e r e n c e )  t o  each p a r a m e t e r .  I n  a d d i t i o n ,  i t  
creates i n  t h e  IS a l i n k e d  list of i n s t r u c t i o n  c e l l s ,  
e a c h  c o n t a i n i n g  o n e  of t h e  n e w l y - b o u n d  T - r e f e r e n c e s ,  
w i t h  t h e  label 4 t p a r a m e t e r f f  i n  t h e  opcode f i e l d .  Tha 
T - r e f e r e n c e s  must a p p e a r  o n  t h e  l i n k e 3  l i s t  i n  t h e  
same order as they a p p e a r e d  i n  t h e  p a r a m e t e r  l ist .  
The symbol < n a m e  list.Ep> is e m i t t e d ,  where T p  is 
t h e  s t a r t i n g  address of the l i n k e d  list. 
3, When t h e  s c a n n e r  r e a d s  a d e c l a r a t i o n  i n  a f u n c t i o n  
body (or i n  a n y  b lock  n e s t e d  i n s i d e  a f u n c t i o n  
bodya,  it b i n d s  a u n i q u e  t a g  ( T - r e f e r e n c e )  to each 
declared v a r i a b l e  name, a n d  a u n i q u e ,  
n e w l y - a l l o c a t e d  i n s t r u c t i o n  a d d r e s s  ( I - r e f e r e n c e )  t o  
e a c h  dec la red  f u n c t i o n  name, I n  a d d i t i o n ,  the 
s c a n n e r  m a k e s  a d d i t i o n s  t o  a l i n k e d  l i s t  of 
i n s t r u c t i o n  cel ls  w h i c h  b e g i n s  a t  t h e  I - r e f e r e n c e  
b o u n d  t o  t h e  name of t h e  f u n c t i o n  i n s i d e  whose b o d y  
t h e  d e c l a r a t i o n  is f o u n d .  To  t h i s  l i s t  is a d d e d  all 
t h e  T-references b o u n d  t o  t h e  n e w l y - d e c l a r e d  names, 
i n  cells l a b e l l e d  * * i n t e r n a l # * .  I n  t h e  case o f  a 
d e c l a r a t i o n  o c c u r r i n g  i n s i d e  a f u n c t i o n  w h i c h  i s  
n e s t e d  i n s i d e  a n o t h e r  f u n c t i o n ,  t h e  T-references are 
addedl t o  t h e  s t i n t e r n a l . ' @  list of t h e  i n n e r m o s t  
f u n c t i o n  o n l y .  T h u s ,  each f u n c t i o n  name is  hound  t o  
a l i n k e d  list of i n s t r u c t i o n  c e l l s  l a b e l l e i  
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int cfnL.i  c o n t a i n i n g  T - r e f e r e n c e s  f o r  a l l  
a r i a h l e s  d e c l a r e 3  i n s i d e  t h e  function, 
W h e n e v e r  t h e  s c a n n e r  e n c o i a n t e r s  a d e c l s r e d  riarue o r  
f u n c t i o n  p a r a m e t e r  w h i c h  d u p l i c a t e s  a name  which was 
declared o r  a p p e a r e d  a s  a f u n c t i o n  p a r a m e t e r  in an  outer 
block ,  t h e  o l d  reference b o u n d  to this name is ' *pushed  down" 
a n d  a new r e f e r e n c e  b i n d i n g  is made. T h e  new b i n d i n g  is 
considered ac t ive  u n t i l  the scanner comes t o  t h e  end  a€ the 
b l o c k  i n  w h i c h  t h e  b i n d i n g  was made; at. this time, the new 
b i n d i n g  is d e a c t i v a t e d  a n d  the o l d  r e f e r e n c e  is orice a g a i n  
bound  Lo the naae. S i n c e  a name c a n  b e  declared r e p e 3 t e d f y  
i n  n e s t e d  blocks, t h e  scanner must, i n  g e n e r a l ,  remember t h e  
r e f e r e n c e s  bound t o  a g i v e n  name a t  each l e x i c  level from 
t h e  o u t e r m o s t  b l o c k  t o  the b l o c k  w h i c h  is c u r r e n t l y  b e i n g  
s c a n n e d ,  This forces t h e  s c a n n e r  t o  be s e q u e n t i a l  i n  n a t u r e  
a n d  to c o n t a i n  a "pushdown s tack*# s t r u c t u r e  t o  record the 
of r e f e r e n c e  b i n d i n g s  f o r  e a c h  name. The scanner is  
the o n l y  n e c e s s a r i l y  s e q u e n t i a l  p r o c e s s  i n  t h e  SAMPLE 
s y s t e m ,  
s the s c a n n e r  m a k e s  its s i n g l e  pass through t h e  
p r o g r a m ,  it emits d s e q u e n c e  of s y m b o l s  i n t o  t h e  T e x t  
S t o r a g e  URit. E a c h  symbol e m i t t e d  c o n s i s t s  of a symbol t y p e  
code, a n d  ma OK may n o t  also c o n t a i n  a n  n-, T-, os 
I - r e f e r e n c e .  T h e  s y m b o l s  are  e m i t t e d  a n d  p l a c e d  i n t o  the 
TSU i n  order a5 t h e y  are recogaized  by t h e  s c a n n e r .  The 
l o w i n g  r u l e s  for e m i t t i n g  symbols  are o h s e r v e d  by the 
s c a n n e r :  
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l o  B l a n k s  a r e  ignored, e x c e p t  i n s o f a r  a s  they d e l i m i t  o the r  
s y m b o l s .  For e x a m p l e ,  a b l a n k  is r e q u i r e d  b e t w e e n  X a n d  
IS a n d  b e t w e e n  IS a n d  TUPLE i n  t h e  b o u n d i n g  s t a t e n e n t  
X IS T U P L E ( 0 , S ) ;  
2. Comments  a m  i g n o r e d ;  w h e n e v e r  the s c a n n e r  recognizes 
the reserved word COflllENT, it s k i p s  over a l l  cha rac t e r s  
u n t i l  the next s e m i c o l o n  w i t h o u t  e m i t t i n g  a n y  symbols. 
3. D e c l a r a t i o n s  c a u s e  no s y m b o l s  t o  be  e m i t t e d ,  b u t  u p d a t e  
t h e  i n t e r n a l  binding tables of t h e  s c a n n e r .  
If a d e c l a r a t i o n  is i n s i d e  a f u n c t i o n  d e f i n i t i o n ,  i t  
may cause a d d i t i o n a l  e n t r i e s  t o  be made t o  t h e  
* l i n t e r n a l "  l ist of t h e  f u n c t i o n .  
tl. # h e n  a parameter list i s  e n c o u n t e r e d  i n  a f u n c t i o n  
d e f i n i t i o n ,  a l i n k e d  " p a r a m e t e r  list" is created i n  
the ISs and the s y m b o l  <name l i s t , I p >  is e m i t t e d ,  
where I p  is t h e  s t a r t i n g  a d d r e s s  of the l i n k o d  l ist .  
5. When a n  pperator, p u n c t u a t i o n  s y m b o l ,  Qr r e s e r v e d  word 
i s  e n c o u n t e r e d ,  a symbol is e m i t t e d  whose s y m b o l  t y p e  
d e n q t e s  &he p a r t i c u l a r  s y m b o l  e n c o u n t e r e d .  
6, When a name [ a n y  s e q u e n c e  of c h a r a c t e r s  b e g i n n i n g  
w i t h  a l e t t e r ,  which is not a r e s e r v e d  word)  
is e n c o u n t e r e d ,  a s y m b o l  of t y p e  <name> i s  emittea, 
c o n t a i n i n g  the M-, T-, or I - r e f e r e n c e  b o u n d  t o  t h e  name 
i n  the block u h i c h  is c u r r e n t l y  b e i n g  s c a n n e d .  
7. i jhen  a c o n s t a n t  n u m b e r  ( s u c h  a s  -5 o r  2.6E8) is 
e n c o u n t e r e d ,  t h e  s c a n n e r  requests a l l o c a t i o n  o f  a n  empty  
memory ce l l ,  and places i n  t h e  cell t h e  system's 
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i n t e r n a l  r e p r e s e n t a t i o n  for t h e  g i w e n  c o n s t a n t ,  T h e  
memory call is marked r e a d y  m level  0, R symbol of 
pe  (number)  i s  t h e n  e m i t t e d ,  c o n t a i n i n g  a n  M-reference 
u a l  t o  t h e  addres s  of t h e  memory c e l l  c o n t a i n i n g  the 
c o n s t a n t ,  
THE PARSER 
After the s c a n n i n g  p r o c e s s  is CQmple te ,  the rPc ;s i l lder  of 
t h e  c o m p i l a t i o n  consists of r e c o g n i z i n g  reducible strings of 
s y m b o l s  in t h e  TSU and p e r f o r m i n g  t h e  a p p r o p r i a t e  reductions 
a c c o r d i u g  t o  t h e  SAMPLE grammar, while e m i t t i n g  a p p r o p r i a t e  
i n s t r u c t i o n s  i n t o  t h e  I n s t r u c t i o n  S tore .  
There e@st s t a n d a r d  a l g o r i t h m s ,  s u c h  a s  :IcKeemsnas 
Extended P r e c e d e n c e  Method (29)  (30), for determining 
whether a g i v e n  s t r i n g  of symbols should be seduced, b y  
e x a m i n i n g  n e a r b y  c o n t e x t  s y m b o l s ,  T h e s e  a l g o r i t h m s  dernand 
h a t  t h e  program be parsed by a s e q u e n t i a l  l e f t - t o - r i g h t  
scan, I n  c o n v e n t i o n a l  l a n g u a g e s ,  a s e q u e n t i a l  left- t o - r i g h t  
p a r s e  is also p e c e s s i t a t e d  by two o t h e r  c o n s i d e r a t i o n s :  
The  code g e n e r a t e d  d u r i n g  t h e  p a r s e  must  be  e m i t t e d  
e f t - t o - r i g h t  order so t h a t  i t  can be execilte3 
roperlly. 
T h e  parser must make use of c o n t e x t - s e n s i t i v e  
i n f o r m a t i o n ,  p e r t a i n i n g  t o  declarations a n d  block 
s t r u c t u r e ,  which can only be o b t a i n e 3  by a 
e f t - t o - r i g h t  scan of  t h e  e n t i r e  program. 
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However ,  i n  t h e  SAHPLE system, b o t h  oE these  c o n s i d e r a t i o n s  
h a v e  b e e n  e l i m i n a t e d .  T h e  m a c h i n e  i n s t r u c t . i o n s  a r e  
s e q u e n c e d  by t h e i r  data  d e p e n d e n c i e s  rather  t h a n  b y  their 
p h y s i c a l  o r d e r i n g ,  a n d  a l l  c o n t e x t - s e n s i t i v e  i n f o r m a t i o n  has 
b e e n  filtered out of the SAMPLE program b y  t h e  s c a n n e r  
be fo re  t h e  p a r s i n g  process b e g i n s .  T h e r e f o r e ,  i f  an 
a l g o r i t h m  c o u l d  be f o u n d  for d e c i d i n g  u h e t h e r  t o  r e d u c i  B 
g i v e n  string of symbols, w i t h o u t  r e q u i r i n g  t h a t  all symbols 
t o  t h e  l e f t  of t h e  g i v e n  s t r i n g  already b e  p a r s e d ,  the 
p a r s i n g  of SAMPLE p r o g r a m s  c o u l d  be treated as a p a r a l l e l  
process, Several p a r s i n g  processors could s i m u l t a n e o u s l y  
be  a c t i v e  a t  d i f f e r e n t  places i n  t h e  T S U ,  i n d e p e n d e n t l y  
p e r f o r m i n g  r e d u c t i o n s  and e m i t t i n g  i n s t r u c t i o n s  i n t o  t h e  
r u c t i o n  Store.  
T h e  r e d u c t i o n s  of t h e  SAMPLE grammar are l i s t e d  i n  
\ 
A p p e n d i x  A, , t o g e t h e r  with t h e  a c t i o n s  t o  be t a k e n  by t h e  
compiler when e a c h  r e d u c t i o n  i s  p e r f o r m e d .  T h e  d e c i s i o n  t o  
make t h e  r e d a c t i o n  may be made e i t h e r  b y  a c o n v e n t i o n a l ,  
l e f t - t o - r i g h t  p a r s i n g  a l g o r i t h m ,  or by a n  u n c o n v e n t i o n a l ,  
p a r a l l e l  p a r s i n g  a l g o r i t h m .  I n  e v e r y  r e d u c t i o n ,  i t  i s  
i m p l i z i t  that t h e  symbols on the r i g h t  side will b e  r e p l a c e d  
in t h e  TSU b y  the s y m b o l  o n  t h e  left .  When c o m p i l a t i o n  is  
c o m p l e t e ,  the T e x t  S t o r a g e  U n i t  w i l l  c o n t a i n  the s i n g l e  
s y m b o l  < p r o g r a m > ,  a n d  the Memory, I n s t r u c t i o n  Store, a n d  
READY List will c o n t a i n  t h e  c o m p i l e d  code f o r  t h e  program. 
EX A 3 PLE 
We w i l l  now c o n s i d e r  how t h e  compiler n i g h t  t r e a t  t h e  
s i m p l e  p r o g r a m  we u s e d  as a n  e x a l m p l e  i n  C h a p t e r  Two. The 
program i s  r e p e a t e d  below: 
BEGIN 
W A-B; 
X f- ( A + B ) / W ;  
Y 4- ( A * B ) / M ;  
z f- X > Y ;  
END 
Before we c a n  u n d e r s t a n d  t h e  ac t ion  of t h e  corr,piler, we 
m u s t  c o n s i d e r  h o u  the c o m p i l e r  t r e a t s  i t e r a t e d  s t a t e m e n t s .  
I t e r a t i o n  d e n o t e d  by the q u o t e d - t u p l e - n a m e  c o n v e n t i o n  
d e s c r i b e d  i n  C h a p t e r  2 calls for a l l  c o p i e s  of t h e  iterated 
s t a t e m e n t  t o  be e x e c u t e d  i n  p a r a l l e l ,  if p o s s i b l e .  In 
order t o  a c c o m p l i s h  t h i s  p u r p o s e ,  the SAMPLE s y s t e m  
p h y s i c a l l y  p r o d u c e s  m u l t i p l e  copies of t h e  u a c h i n e  
i n s t r u c t l i o n s  which r e s u l t  from t h e  i t e r a t e d  s t a t e m e n t  
However, since the number  of i t e r a t i o n s  may be d a t a -  
d e p e n d e n t ,  it: is n o t  known a t  cornpile-time hou many copies 
of the m a c h i n e  i n s t r u c t i o n s  m u s t  be made, Therefore ,  the 
c o m p i l e r  produces, f o r  e a c h  n a c h i n e  i n s t r u c t i o n ,  a t e m p l a t e  
f ron  uhich n u f t i p l e  copies may be  y r o a u c e d  a t  r u n - t i m e ,  
The t e m p l a t e  c o n t a i n s  actual memory addresses 
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( M - r e f e r e n c e s )  for t h o s e  o p e r a n d s  i d e n t i f i e d  by  name i n  t h e  
o r i g i n a l  source  p r o g r a m ,  b e c a u s e  each name i n  t h e  sout'ce 
p r o g r a m  is u n i q u e l y  mapped i n t o  a s i n g l e  memory c e l l ,  
r e g a r d l e s s  of its a p p e a r a n c e  i n  i t e r a t e d  s ta tements .  
However,  f o r  o p e r a n d s  wh ich  r e p r e s e n t  c o m p i l e r - g e n e r a t e d  
i n t e r m e d i a t e  r e s u l t s  ( s u c h  a s  t h e  q u a n t i t y  (A+B) i n  our 
e x a m p l e ) ,  t h e  t e m p l a t e  c o n t a i n s  only a t a g  (T-reference) . 
Only  a t  r u n  time will memory cel ls  b e  a l l o c a t e d  f o r  the 
T - r e f e r e n c e s ,  a n d  a t  t h i s  time, d e p e n d i n g  on  t h e  n a t u r e  of 
t h e  i t e r a t i o n ,  p q s s i b l y  many memory cells may be a l l o c a t e d  
for a single T-ref erence, 
T h e  machine i n s t r u c t i o n  which expands t h e  templates 
into m u l t i p l e  new m a c h i n e  i n s t r u c t i o n s ,  a l l o c a t e s  memory 
cells for t h e  T - r e f e r e n c e s ,  a n d  r e p l a c e s  the T-references 
by r ea l  memory a d d r e s s e s  i n  t h e  na wl y - g e n e r a  t e d  
i n s t r u c t i o n s ,  is t h e  EXPAND i n s t r u c t i o n .  The o u t p u t  of the  
c o m p i l e r  for a s t a t e m e n t  i n  t h e  o r i g i n a l  s o u r c e  p r o g r a m  is 
the f o l l o w i n g :  
1. A l i n k e d  list of i n s t r u c t i o n  t e m p l a t e s ,  l i n k e d  
L o g q t h e r  by t h e i r  ' * s t a t e m e n t  l i n k "  f i e l d s ,  
2. An EXPAND i n s t r n c t i o n  w h i c h  h a s  t h e  a b o v e  L i s t  
as its o p e r a n d ,  a n d  which w i l l  g e n e r a t e  r e a l  
i n s t r u c t i o n s  from i t  a t  r u n - t i m e ,  
The e x a a p l e  p r o g r a m  a b o v e  c o n t a i n s  f o u r  s ta tements .  
Each s t a t e m e n t  is  c o m p i l e d  i n t o  a n  EXPAND i n s t r u c t i o n  a n d  
a l i n k e d  list of t e m p l a t e s ,  as e x p l a i n e d  a b o v e .  I n  o u r  
s i m p l e  case, none of t h e  s t a t e m e n t s  i n v o l v e s  i t e r a t i o n ,  a n d  
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so no  a d d i t i o n a l  information is needed before ue can e x p a n d  
t h e  t e m p l a t e s ;  t h e r e f o r e ,  all the EXPAND i n s t r u c t i o n s  are 
j u d g e d  to be r eady ,  a n d  a re  p l a c e d  i n  the Ready  L i s t  b y  the 
compiler. 
The results qf c o m p i l a t i o n  of o u r  e x a m p l e  a r e  shown i n  
F i g u r e  4 , l .  The memory addresses a l loca ted  for the names  
A, B, W, X, Y, a n d  Z hare b e e n  denoted Ma, Mb, Hu, Mlr,  My, 
and Mz, r e s p e c t i v e l y .  Only memory cells Ma a n d  Mb are 
e d  to be d e f i n e d  (ready) at the beginning of 
p r o c e s s i n g .  The two T - r e f e r e n c e s  generated by the c o m p i l e r  
to d e n o t e  i n t e r m e d i a t e  r e s u l t s  i n  t h e  templates are Tl a n d  
T2. The four s t a t e m e n t s  in t h e  source program r e s u l t e d  i n  
l i n k e d  lists of i n s t r u c t i o n  templates of l e n g t h  one, two, 
two# a n d  one, respectively. Ehen e x e c u t i o n  b e g i n s ,  t h e  
f o u r  EXPAND i n s t r u c t i o n s  u i l l  all begin generating r e a l  
i n s t r u c t i o n s  from t h e  t e m p l a t e s ,  
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F I G U R E  4 . 1  
EXAMPLE P R O G R A M  AFTER COMPXLATION 
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EXECUTIO 
ROCESSORS 
ion process is c a r r i e d  aut i n  p a r a l l e l  b y  many 
processor may h a v e  many ports t t i r D u g h  
e s i m u l t a n e o u s  r e g u e s t s  of the Neinory, 
a n d  Beady ist ( t h e  t y p e s  of r e q u e s t s  
have been d e s c r i b e d  i n  detail i n  the 
S, and RL o p e r a t e  on a 
In each cycle, up to o n e  s e r v i c e  r e q u e s t  
satisfied by e a c h  storage unit. A priority 
d among the processors, and among the 
oe es SO r e h e n  two ports make a r e q u e s t  of 
bank, t h e  L o w e r - p r i o r i t y  port is n o t  
d e ,  A processor may n o t  proceed 
equesks u n t i l  a l l  its p r e v i o u s  requests 
s a t i s f i e d ,  
QCBSSOX: tedly execute a s e q u e n c e  of 
t h e  Basic I n s t  u c t i o n  R o u t i n e  (BIR). The 
and at a n y  g i v e n  point i n  
ous psocessors may be  a t  v a r i o u s  points in 
e ~ u ~ ~ ~ g  t i o n  of the BIR, a p r o c e s s o r  
- 73 - 
may f i n d  i t  n e c e s s a r y  t o  e x e c u t e  one o r  more of two  
a u x i l i a r y  r o u t i n e s  called t h e  R e a d i n e s s  R o u t i n e  and t h e  
I n s t r u c t i o n  G e n e r a t e  R o u t  in@. 
P r o c e s s o r s  may b e  a d d e d  t o  o r  d e l e t e d  from t h e  s y s t e m  a t  
w i l l  w i t h o u t  a l t e r i n g  the basic s t r u c t u r e  of the s y s t e m ,  
S i m i l a r l y ,  t h e  number of r e q u e s t  p o r t s  p e r  p r o c e s s o r  may be  
a l tered a t  will, 
The 4 8  m a c h i n e  i n s t r u c t i o n s  a r e  l i s t e d  a n d  d e s c r i b e d  i n  
d e t a i l  i n  A p p e n d i x  B. T h e  Basic  I n s t r u c t i o n  R o u t i n e ,  
R e a d i n e s s  B o u t i n e ,  a n d  I n s t r u c t i o n  G e n e r a t e  R o u t i n e  a re  
d e s c r i b e d  below. 
THE BASIC INSTRUCTION ROUTINE 
1. By m e a n s  of a R e a d y l i s t  F e t c h  (RF) . r e q u e s t ,  t h e  
p r o c e s s o r  o b t a i n s  an i n s t r u c t i o n  rshich is r e a d y  t o  
be e x e c u t e d .  
2, By a p p r o p r i a t e  Memory Read (MR) a n d  I n s t r u c t i o n  
Read (IR) r e g u e s t s ,  t h e  processor reads a l l  o p e r a n d s  
n e c e s s a r y  t o  e x e c u t e  t h e  i n s t r u c t i o n ,  This may 
r e q u - j r e  many s e q u e n t i a l  r e q u e s t s  i n  t h e  case of some 
i n s t r u c t i o n s  which o p e r a t e  o n  l i n k e d  l ists i n  t h e  
I S .  I t  is  assumed t h a t  e a c h  processor has 
s u f f i c i e n t  i n t e r n a l  s t o r a g e  t o  s to re  operands a n d  
i n t e r m e d i a t e  r e s u l t s  . d u r i n g  p r o c e s s i n g  of a n  
i n s t r u c t i o n ,  a n d  t h a t  t h e  access time a €  t h i s  
i n t e r n a l  s t o r a g e  is s m a l l  c o a p a r e d  t o  t h e  access 
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time of Ithe main s t o r a g e  d e v i c e s  w h i c h  a r e  e x t e r r l a l  
t o  the p r o c e s s o r .  , 
3. The p r o c e s s o r  e x e c u t e s  t h e  i n s t r u c t i o n .  T h i s  may 
i n v o l v e  a n y  of t h e  f o l l o w i n g  p r o c e s s e s :  
a. One  or more memory c e l l s  may be a s s i g n e d  v a l u e s ,  
or t h e  r e a d i n e s s  l e v e l  of a memory cell may be 
i n c r e a s e d .  Hhen t h i s  occurs, t h e  processor 
e x e c u t e s  t h e  R e a d i n e s s  R o u t i n e  (described 
below)  
b, One or l o r e  new i n s t r u c t i o n s  may be c r e a t e d  a n d  
r e l e a s e d  for  e x e c u t i o n .  When t h i s  o c c u r s ,  t h e  
processor e x e c u t e s  t h e  I n s t r u c t i o n  G e n e r a t e  
R o u t i n e  ( d e s c r i b e d  below) . 
C .  New areas  of memory may be a l l o c a t e d  by means  
of Memory Allocate ( M A )  r e q u e s t s ,  
d. Neu i n s t r u c t i o n s  may be p l a c e d  i n  t h e  I S  b u t  n o t  
re lqased f o r  e x e c u t i o n .  T h i s  is  d o n e  by means  
of I n s t r u c t i o n  Allocate  ( I A )  a n d  
I n s t r u c t i o n  Write (rw) r e q u e s t s I  
e.  E x i s t i n g  i n s t r u c t i o n s  i n  t h e  IS ,  which  h a v e  riot 
y e t  been released f o r  e x e c u t i o n ,  may be a l t e r e d .  
This is d o n e  by m e a n s  of 
I n s t r u c t i o n  Bead (XR) a n d  I n s t r u c t i o n  Write (IW) 
: r e q u e s t s .  
f. Memory cells which were p r e v i o u s l y  marked r e a d y  
on a g i v e n  level may be marked  n o t  r e a d y  on t h a t  
l e v e l ,  T h i s  is done by means of I n s t r u c t i o n  
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Read (In) and I n s t r u c t i o n  Write (IN) r e q u e s t s .  
T h i s  a c t ion  i s  t a k e n  o n l y  by c e r t a i n  
i n s t r u c t i o n s  f o r  t h e  i m p l e m e n t a t i o n  of l o o p s .  
No memory cell is m a r k e d  n o t  r e a d y  o n  a g i v e n  
level u n t i l  a l l  i n s t r u c t i o n s  w h i c h  u s e  t h a t  
memory c e l l  o n  t h a t  level have b e e n  executed; 
h e n c e ,  n o  u p d a t i n g  of d e p e n d e n t  i n s t r u c t i o n s  i s  
n e c e s s a r y  when a memory c e l l  is  marked n o t  r e a d y .  
THE READIEESS R O U T I N E  
1. T h i s  r o u t i n e  is  e x e c u t e d  when o n e  o r  more memory 
cells h a v e  t h e i r  v a l u e s  n e w l y  d e f i n e d  by a processor, 
20 
or when t h e  r e a d i n e s s  l e v e l  of a memory cell is 
increased. The processor wri tes  t h e  new values 
i n t o  t h e  memory ce l l s  by means  of Hemory Read-Write 
(MRW) r e q u e s t s .  T h e  " r e a d y "  f i e l d s  of the memory 
c e l l s  a r e  se t  t o  t h e  l e v e l  of r e a d i n e s s  o f  t h e  
i n s t r u c t i o n  uhich d e f i n e d  them.  The fields 
of t h e  n e u l y - d e f i n e d  c e l l s  are u n c h a n g e d .  T h e  I'IRW 
r e q u e s t s  r e a d  from memory t h e  c a n t e n t s  of t h e  
1 i l i n k t 8  f i e l d s  of t h e  n e w l y - d e f i n e d  cells, For: e a c h  
n e w l y - d e f i n e d  memory ce l l ,  the f o l l o w i n g  is done: 
T h e  i n s t r u c t i o n  p o i n t e d  t o  b y  t h e  f i e l d  of 
t h e  n e w l y - d e f i n e d  c e l l  i s  u p d a t e d  b y  means  of an 
I n s t r u c t i o n  Set R e a d y  B i t  (ISRB) request. T h i s  
r e a d s  t h e  i n s t r u c t i o n  into t h e  p r o c e s s o r  a n d ,  i n  
- 76 - 
a d d i t i o n ,  s e t s  the a p p r o p r i a t e  " o p e r a n d  ready8' b i t  
o r  b i t s  i n  t h e  copy o f  t h e  i n s t r u c t i o n  uhich r e m 3 i n s  
i f  the n e w l y - d e f i n e d  operand is r e a d y  on 
t h e  l e v e l  of the i n s t r u c t i o n .  I f  
t h e  g9pzesence18 bit of t h e  i n s t r u c t i o n  j u s t  r e a d  
is set t o  # * n o t  p r e s e n t v ' ,  t h e  processor i s sues  
r e p e a t e d  I n s t r u c t i o n  Set R e a d y  Bit, L o u  P r i o r i t y  
(XSRBL) r e q u e s t s  for t h e  i n s t r u c t i o n  until t h e  
p1presence8* b i t  is f o u n d  t o  bo set t o  " p r e s e n t t * .  T h e  
processor t h e n  e x a m i n e s  the i n s t r u c t i o n  u h i c h  i t  h a s  
read; i f  a l l  i ts " o p e r a n d  r e a d y "  b i t s  are  o n  e x c e p t  
t h e  o n e  associated w i t h  t h e  n e w l y - d e f i n e d  o p e r 2 n d ,  
i t  enters t h e  i n s t r u c t i o n  i n t o  t h e  Ready List by  
means oE a R e a d y l i s t  Add (RA)  r e q u e s t ,  ( A n o t h e r  
I n s t r u c t i o n  Read (IR r e q u e s t  may be n e c e s s a r y  t o  
read the s e c o n d  half of a tvo-cell i n s t r u c t i o n . )  
(If all @80perand r e a d y w  bits, i n c l u d i n g  t h e  o n 2  
associated i t h  t h e  n e u l y - d e f i n e d  operand, were 
o n ,  t h e  i n s t r u c t i o n  h a s  a l r e a d y  b e e n  a d d e d  
R e a d y  List a t  an ear l ier  time; h e n c e ,  i t  is 
ignored,) I n  a d d i t i o n ,  the p r o c e s s o r  f i n d s  t h e  
8 8 1 i n k 8 *  field of the i n s t r u c t i o n  w h i c h  is associ3te3.  
it& the n e u  y - d e f i n e d  o p e r a n d  ( o r  t h e  f i r s t  s u c h  
o p e r a n d ,  it t h e r e  are more t h a n  one). T h e  
processor t h e n  i s s u e s  a n  ISRB r e q u e s t  for t h e  
i n s t r u c t i o n  pointed t o  b y  t h i s  1 q l i n k 1 8  f i e l3 ,  i f  
a n y .  
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The processor c o n t i n u e s  i n  the above manner down t h e  
linked l i s t  of d e p e n d e n t  i n s t r u c t i o n s ,  i s s u i n g  ISRB, 
T S R B L ,  a n d  R A  r e q u e s t s  a s  n e e d e d ,  u n t i l  i t  comes t 3  
a l i n k  field e q u a l  t o  "none".  ( T h i s  may occuc 
before a n y  i n s t r u c t i o n s  h a v e  b e e n  f e t c h e d . )  T h i s  
t e r m i n a t e s  the R e a d i n e s s  R o u t i n e .  If t h e  R e a d i n e s s  
Routine is t h e  l a s t  s t e p  i n  the RasFc Instruction 
R o u t i n e ,  and if the f a s t  instruction on t h e  
d e p e n d e n c y  list is f o u n d  t o  be  r eady ,  t h i s  
i n s t r u c t i o n  is n o t  added to t h e  Ready List b u t  i s  
r e t a i n e d ,  and a new Basic I n s t r u c t i o n  R o u t i n e  is  
begun t o  e x e c u t e  it. 
THE INSTRUCTION GENERATE R O U T I N E  
1. This r o u t i n e  is e x e c u t e d  when o n e  or more new 
i n s t r u c t i o n s  are to be r e l e a s e d  f o r  e x e c u t i o n .  For 
each such i n s t r u c t i o n ,  t h e  processor r e q u e s t s  a new 
IS cell or p a i r  of cells t o  b e  a l l o c a t e d  by a e a n s  of 
an I A  r e q u e s t .  These r e q u e s t s  a u t o m a t i c s  lly 
set  t h e  " p r e s e n c e "  b i t s  of t h e  a l l o c a t e d  i n s t r u c t i o n  
cells t o  "not p r e s e n t t q .  T h e  addresses  of  t h e  
al located cells are r e t u r n e d  t o  t h e  processor. Then ,  
for e a c h  n e u l y - r e l e a s e d  i n s t r u c t i o n ,  t h e  f o l l o w i n g  i s  
done:  
2. T h e  i n s t r u c t i o n  may h a v e  o n e  o r  mare i n p u t  o p e r a n d s  
( M - r e f e r e n c e  o p e r a n d s  whose " o p e r a n d  ready" b i t  i s  
h e  processor i s sues  a Neraory 
r i t e  L i n k  Condition ~ ~ ~ ~ L C ~  r e q u e s t  f o r  each 
read t h e  o p e r a n d  cells, 
on  t h e  level of t h e  
s made to point 
The p r o c e s s o r  t h e n  examines the memory cells u h i c h  
d by the RWEC r e q u e s t s .  F o r  each cell 
s I l ~ e a ~ ~ ~ ~  f i e  d equal to or g r e a t e r  t h a n  
he n e w l y - s e l e a s e d  xis tr uc t i o n I t 11 e 
eady'g bit o f  the i n s t r u c t i o n  
2.1 other input o p e r a n d s  have h a d  
n k f '  f i e l d s  altered to p o i n t :  to t h e  new 
ion;  h e n c e ,  the old ~ * ~ ~ ~ k l ~  fields of these 
LC r e q u e s t s ,  are 
I d s  of t h e  c o r r e s p o n 3 i n g  
i n s t r u c t i o n .  Thus t h e  
p e n d e n t  i n s t r u c t i o n s  is 
on is added a t  t h e  
*toperand re31dy'1 
c o p y  of the new 
as a n y  n o n - r e a d y  
i n s t r u c t i o n  i n t 3  
f o r  i t  by means of a n  
reg ues t #. h i c h  sets the  
ction eo @Bpresentt8.  If 
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t h e  i n s t r u c t i o n  h a s  a l l  i t s  o p e r a n d s  resay, t h e  
processor s e n d s  i t  d i r e c t l y  t o  the Ready L i s t  b y  
m e a n s  of a R e a d y l i s t  Add (RA) r e q u e s t .  If t h e  
I n s t r u c t i o n  G e n e r a t e  R o u t i n e  is t h e  l a s t  s t e p  i n  t h e  
Basic I n s t r u c t i o n  R o u t i n e ,  a n d  i f  a n e w l y - r e l e 3 s e 3  
i n s t r u c t i o n  is found t o  be r e a d y ,  t h i s  i n s t r u c t i o n  
is n o t  add2d t o  the Ready L i s t  b u t  is r e t a i n e d ,  a n 3  
a new Basic  I n s t r u c t i o n  R o u t i n e  is begun  t o  e x e c u t e  
We will nov study t h e  e x e c u t i o n  of t h e  program we u s e d  
as. a n  e x a m p l e  i n  C h a p t e r s  2 and 4. ( T h e  r e a d e r  should see 
F i g u r e  4.1 for the s t a t e  of t h e  s y s t e m  before e x e c u t i o n  
b e g i n s ) ,  We will. c o n s i d e r  t h e  e x e c u t i o n  process t o  Q C C U ~  
i n  two p h a s e s :  e x p a n s i o n  a n d  p r o c e s s i n g .  ( I n  r e a l i t y ,  
t h e s e  p h a s e s  are  o v e r l a p p e d . )  I n  t h e  e x p a n s i o n  p h a s e ,  t h e  
four EXPAND i n s t r u c t i o n s ,  v h i c h  are already known t o  be  
r e a d y ,  are e x e c u t e d .  T h e  r e s u l t s  of t h i s  p h a s e  a r e  s h o w n  
i n  F i g u r e  5.+1 a n d  a r e  d e s c r i b e d  below: 
1. T h e  i n s t r u c t i o n  t e m p l a t e s  X l  - I6 (not s h o w n )  are 
used t o  g e n e r a t e  t h e  real  i n s t r u c t i o n s  17 - 1 1 2 .  
I n  our case, each t e m p l a t e  g i v e s  rise t o  e x a c t l y  
o n e  i n s t r u c t i o n .  {If any i t e r a t e d  s t a t e a e n t s  h a 3  
o c c u r r e d  i n  t h e  source p r o g r a m ,  some t e m p l a t e s  
w o u l d  h a v e  yielded m u l t i p l e  i n s t r u c t i o n s .  ) 
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2.  or^ ce l l s  are a l l o c a t e d  for s t o r a g e  of 
T - r e f e r e n c e s  i n  the compiled 
case, the T-Et?fc?Eenc@S T1 a n d  T 2  a r e  
0 emory addresses MI a n d  !42. 
e n e u l y - g e n e r a t e d  i n s t r u c t i o n s  a r e  rele-lsed 
e c u t i o n ,  memory c e l l  poi l i ter  f i e l d s  are 
illed i n ,  so t h a t  each memory c e l l  contains a 
p o i n t e r  t o  t h e  list of i n s t r u c t i o n s  which are  
t i n g  for t h a t  ce l l  as i n p u t .  I n  our Case, Mx, 
I ,  a n d  M2 are a l l  n e e d e d  b y  e x a c t l y  o n e  
nstruction e a c h ,  a n d  M w  is n e e d e d  b y  two 
i n s t r u c t i o n s ,  w h i c h  are linked t o g e t h e r  b y  t h e  
~ ' ~ ~ ~ ~ ' 9  field of o p e r a n d  3 of i n s t r u c t i o n  19, 
instruction, r e a d y  b i t s  a r e  t u r n e d  on f o r  
u t  o p e r a n d ~ ,  a n d  f o r  a l l  i n p u t  o p e r 3 n d s  
e c u r r e n t l y  r e a d y  ( i n  our case, Ma a n d  f i b ) .  
w h i c h  h a v e  a l l  t h e i r  r e a d y  Sits 
h e  Ready List, In o u r  case ,  this 
i n s t r u c t i o n s  17 1) 18, a n d  1 1 0 ,  
second p h a s e  of e x e c u t i o n ,  t h e  i n s t r u c t i o n s  
e x e c u t e d .  This makes ready t h e  
i o n s ,  w h i c h  are e x e c u t e d  i n  t u r n  
o c e s s i n g  is complete. I n  o u r  example, t h e  
ill make r e a d y  memory c e l l s  
ocessors will then e x e c u t e  ISRE 
RS p o i n t e d  to by t h e  l i n k  
s a r e s u l t ,  i n s t c u c t i o n s  1 9  
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and I11 will be seen to be r e a d y ,  and will be p l a c e d  on the 
Ready List, % h e n  these i n s t r u c t i o n s  h a v e  been executed,  
memory cells Mx and My w i l l  b e  made r e a d y ,  which i n  t u r n  
w i l l  trigger t h e  f i n a l  i n s t r u c t i o n ,  112 .  T h e  s t a t e  o f  t h e  
sys teru  after p r o c e s s i n g  is  complete is shown i n  F i g u r e  5,2. 
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CHAPTER S I X  
E V A L U A T I O N  A N D  CONCLUSrONS 
SXN U L A T I  ON E XP E R IN E NTS 
T h i s  c h a p t e r  w i l l  d e s c r i b e  a se r ies  oE s i m u l a t i o n  
p e r i m e n t s  i n t e n d e d  t o  i n v e s t i g a t e  the b e h a v i o r  of t h e  
p r o p o s e d  system u n d e r  various c o n d i t i o n s ,  a n d  t:, measuce t h e  
speed advantage w h i c h  m i g h t  be r e a l i z e d  by s i n g l e - a s s i g n a e n t  
p a r a l l e l  p r o c e s s i n g  a s  c o m p a r e d  u i t h  c o n v e n t i o n a l ,  s e r i a l  
p r o c e s s i n g .  The s i m u l a t i o n s  t o  be d e s c r i b e d  i n  t h i s  c h a p t e r  
vere d o n e  by hand .  
For the p u r p q s e  of t h e  e x p e r i m e n t s ,  a n  example problem 
has been c h o s e n ,  a n d  p r o g r a m m e d  b o t h  i n  SAMPLE a n d  i n  I U i 4  
S y s t e m / 3 6 0  A s s e m b l e r  L a n g u a g e  (23) (25). u s i n g  t h o s e  
hich best e x p l o i t  t h e  a d v a n t a g e s  of t h e  
r e s p e c t i v e  s y s t e m s .  The p r o b l e m  c h o s e n  was m u l t i p l i c a t i o n  
two s q u a r e  matrices. T h e  SAMPLE p r o g r a m  a n d  the 360 
p r o g r a m  were b o t h  w r i t t e n  to h a n d l e  s q u a r e  matrices of any 
e u i t h o u t  c h a n g i n g  t h e  code of the p r o g r a m .  I n  e a c h  
case, t h e  o p e r a n d  matrices are  a s s u m e d  t o  b e  p r e s e n t  i n  
a t  t h e  s t a r t  of p r o c e s s i n g ,  and  t h e  p r o d u c t  matrix is 
l e f t  fn memory when p r o c e s s i n g  is c o n c l u d e d .  T h e  360 
program, w h i c h  is l i s t e d  i n  A p p e n d i x  C, uas  uritten i n  s u c h  
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a way as  t o  m i n i n i z e  menory accesses by u s i n g  r e g i s t e r s  f o r  
storage of in t e rmed ia t e  r e s u l t s .  T h e  S A t i P L E  program,  w h i c h  
is l i s t e d  i n  Appendix  I), is b a s e d  on t h e  a l g o r i t h m  u s e d  as a 
p r o g r a ~ m ~ n g  example i n  C h a p t e r  2. A l t h o u g h  ot?r m e a s u r e m e n t s  
w i l l  b e  d i r e c t l y  a p p l i c a b l e  o n l y  t o  t h e  in a t r i x 
m u l t i p l i c a  ti n program, i t  is h o p e d  t h a t  t h e  b e h a v i o r  of 
t h i s  program is r e p r e s e n t a t i v e  of a l a r g e r  class of nuneric 
problems which m i g h t  be p r o g r a n m e d  on t h e  SAMPLE system. 
In s i m u l a t i n g  the b e h a v i o r s  of the SAi jPLE a n d  3 6 3  
systems, some cornrnon measure of e x e c u t i o n  t ima is  n c o d e d .  
The u n i t  of m e a s u r e  selected is t h e  memory cycle t i n e .  In 
the case of t h e  3 6 0 ,  a *fcycle" is c o n s i d e r e d  t o  be a single 
memory access u s e d  t o  f e t c h  a n  i n s t r u c t i o n ,  l o a d  a r e g i s t e r ,  
o r  store t h e  c o n t e n t s  of a r e g i s t e r .  I n  t h e  c a s e  of t h z  
SAHPLE s y s t e m ,  a "cycle" is a p e r i o d  of  time i n  w h i c h  each 
of the system8s storage b a n k s  c a n  s e r v i c e  a s i n g l e  s t o r a g e  
command, of o n e  of the t y p e s  l i s t e d  i n  C h a p t e r  3 ,  B y  
m e a s u r i n g  t h e  number  of c y c l e s  u s e d  i n  the e x e c u t i o n  of t h e  
respective programs,  we hope  t o  m e a s u r e  t h e  s p e e d  g a i n  
realized b ,the s i m u l t a n e o u s  a c t i v i t y  of t h e  v a r i o u s  SAI'IPLE 
s t o r a g e  b a n k s ,  a s  c o m p a r e d  t o  t h e  s t r i c t l y  s e r i a l  memory 
accesses i n  the System/360 o r g a n i z a t i o n .  
The a b i l i t y  of the SAMPLE system to e x p l o i t  t h e  
o p p o r t u n i t i e s  for p a r a l l e l i s m  i n  its p r o g r a m  i s  l i m i t e d  b y  
t h e  f o l l o w i n g  four p a r a m e t e r s  .of t h e  s y s t e m :  
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mber of p r o c e s s o r s  
mber o f  ports per p r o c e s s o r  
b a n k s  i n  the memory 
mber o f  banks i n  the i n s t r u c t i o n  s tore  
It is a m e a n s  by  w h i c h  a processor i s s u e s  s torayi?  
commands Lo storage banks. If a processor h a s  N port s ,  i t  
ge commands i n  the same cycle;  if 
v o P v e  access t o  d i f f e r e n t  s t o r a g e  b a n k s ,  
b e  s a t i s f i e d  s i m u l t a n e o u s l y ,  The meraory 
addresses ar erleaved among the banks i n  such a way that 
ch a given address falls is equal  to t h e  
u l o  t h e  number of memory b a n k s ;  the sarre 
interleaving of i n s t r u c t i o n  addresses among 
ill b e  compared w i t h  the 
go ways:: (1) comparison of t h e  
r e d  to cowplcste their r e s p e c t i v e  
r a i n t s ,  and ( 2 )  comparison 
t i o n s  and data .  I n  order  
ord l e n g t h s  between t h e  
ill b e  measured in 
u i r e m e n t s  of t h e  SA?IPLE 
s t r u c t i o n s  or memory cells are 
n g  t h e  SAMPLE system an 
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CI 
The execut. ion t i n e s  a n d  s t o r a g e  r e q u i r e m e n t s  of t h e  
System/360 for m u l t i p l y i n g  2 x 2 a n d  3 x 3 matrices are 
s u c i m a r i z e d  i n  T a b l e  6. 1, 
T h e  e x e c u t i o n  times a n d  s t o r a g e  r e q u i r e m e n t s  o f  t h e  
SAMPLE s y s t e m  for t h e  same p r o b l e m s ,  u n d e r  certain 
c o n s t r a i n t s ,  a re  s h o w n  i n  T a b l e  6.2, For t h e  c o l u m n s  
l a b e l l e d  f s u n l i E i t e d  s y s t e m f t ,  t h e  SAMPLE s y s t e m  is c o n s i d e r e d  
t o  h a v e  a s  many p r o c e s s o r s ,  p o r t s ,  a n d  s t o r a g e  b a n k s  a s  can 
be u t i l i z e d  by t h e  problem, The o n l y  c o n s t r a i n t  i n  s u c h  a 
s y s t e m  is t h a t  each i n d i v i d u a l  i n s t r u c t i o n  o r  memory ze lL  
c a n  b e  accessed by o n l y  one p r o c e s s o r  i n  each cycle.   abl le 
6.2 shows, for t h e  u n l i m i t e d  s y s t e m ,  t h e  number  of 
p r o c e s s o r s ,  pqrts, a n d  s torage  b a n k s  w h i c h  are n e e d e d  i n  
order t o  r ea l i ze  the t h e o r e t i c a l  minimum execution time f o r  
the g i v e n  p r o b l e m .  However, t h i s  t h e o r e t i c a l  u n l i m i t e d  
s y s t e r n  is s e e n  t o  r e q u i r e  a n  u n r e a l i s t i c  n u m b e r  of resources 
a n d  t o  use thea quite i n e f f i c i e n t l y ,  It w o u l d  n o t  b e  
r ea l i s t ic ,  f o r  e x a m p l e ,  t o  p r o v i d e  102 access p o r t s  p e r  
p r o c e s s o r ,  as r e q u i r e d  by t h e  u n l i m i t e d  s y s t e m  for 3 x 3 
matrices. So t h e  same programs h a v e  b e e n  r u n  o n  a l i m i t e d  
s y s t e m  h a v i n g  e x a c t l y  t e n  p r o c e s s o r s ,  four  p o r t s  p e r  
processor, t e n  memory b a n k s ,  a n d  t e n  i n s t r u c t i o n  s t o r e  
b a n k s .  Table 6.2 shows t h a t  t h e  l i m i t e d  system has measured 
e x e c u t i o n  times o n l y  somewhat slower t h a n  t h e  t h e o r e t i c a l  
minirnum f o r  t h e  giveri p r o g r a m s ,  
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T h e  r e s u l t s  of Tables 6.1 a n d  6.2 are p l o t t e d  iri F i g u r e s  
6.1 arid 4.2, T h e  fo l l .owing features of t h e s e  figures s h o u l d  
be n o t e d :  
l e  T h e  e x e c u t i o n  t i n e s  of t h e  SAHPLE system are both 
fas te r  t h a n  the 360  a n d  less s e n s i t i v e  t o  the s i z e  
of t h e  p r o b l e m ,  T h e  t h e o r e t i c a l  maximum speed 
fact,or r e a l i z e d  by t h e  u n l i m i t e d  SAMPLE system 
o v e r  t h e  360 is 3 e O  f o r  t h e  2 x 2 matrix 
m u l t i p l i c a t i o n  and 7.9 fo r  t h e  3 x 3 case. 
2, The storage r e q u i r e m e n t s  of the 360 are b o t h  
smaller t h a n  t h o s e  of t h e  SAHPLE system a n d  less 
s e n s i t i v e  t o  t h e  size of t h e  problem.  The storage 
r e q u i r e n e n t s  of t h e  SAMPLE system exceed those of 
t h e  360 by a f a c t o r  of 26.4 f o r  t h e  2 x 2 case a n d  
36.4 for the 3 x 3 case. 
Further i n s i g h t  into t h e  behavior of the tu:, s y s t e m s  can 
e g a i n e d  by s t u d y i n g  the a c t u a l  storage commands i s s u e d  
recessing. The 360 spends all its memory cycles on 
t h e  c o n v e n t s o n a l  f u n c t i o n s  of f e t c h i n g  i n s t r u c t i o n s  and 
e r a n d s  and s t o r i n g  results. T h e s e  f u n c t i o n s ,  which m i g h t  
be lumped under the h e a d i n g  t * p r o c e s s i n g @ 8 ,  are a l s o  p e r f o r m e d  
by t h e  SAMPLE system. However, the SAflPLE s y s t e m  m u s t  a l s o  
p e r f o r m  two other:  f u n c t i o n s  n o t  n e e d e d  b y  the 360  
o r g a n i z a t i o n . '  T h e  first s u c h  f u n c t i o n ,  c 3 l l e d  " e x p a n s i o n  
o v e r h e a d s w ,  i n v o l v e s  making m u l t i p l e  copies of i n s t r u c t i o n s  
i n  order  t o  process i t e r a t ed  s t a t e m e n t s  i n  t h e  source 
program. S i n c e  t h e  nuo ,ber  of copies  t o  be made is n o t  k n o v n  
until r u n  time, the compi le r  o n l y  p r o v i d e s  a template for 
each i n s t r u c t i o n ,  which m u s t  b e  e x p a n d e d  i n t o  n u l t i p l ?  
i n s t r u c t i o n s  by means of t h e  EX'PAND i n s t r u c t i o n .  T h e  second 
u n c o n v e n t i o n a l  f u n c t i o n  of t h e  SAMPLE system, called 
$*read iness  overhead", involves s e a r c h i r i g  f o r  r e a d y  
i n s t r u c t i o n s .  Whenever a memory cell b e c o w s  d e f i n e d ,  t h e  
list of i n s t r u c t i o n s  w h i c h  are waiting for that cell K I U : ; ~  b e  
u p d a t e d  w i t h  the fact that the cell is r e a d y ,  a n d  a n y  r e a d y  
i n s t r u c t i o n s  must b e  p l a c e d  o n  t h e  Ready List. 
It h a p p e n s  t h a t  t h e  s t o r a g e  commands of t h e  SAXPLE 
s y s t e m  are clearly d i f f e r e n t i a t e d  i n t o  c a t e g o r i e s  w h i c h  
fulfill t h e  three f u n c t i o n s  of processing, e x p a n s i o n  
overhead, a u d  r e a d i n e s s  o v e r h e a d . ,  T a b l e  6 . 3  shows t h e  t h r e e  
c a t e g o r i e s  of commands, and the n u m b e r s  of commands  of  e a c h  
category e x e c u t e d  d u r i n g  p r o c e s s i n g  of the 2 x 2 arid 3 x 3 
matrix m u l t i p l i c a t i o n s ,  T h e  bar g r a p h  i n  F i g u r e  6.3 s h o w s  
the r e l a t i v e  m a g n i t u d e s  of t h e s e  c a t e g o r i e s ,  a l o n g  w i t h  t h e  
t o t a l  n u s b e r  of cycles r e q u i r e d  by t h e  360 t o  s o l v e  the same 
problems. The f o l l o w i n g  features of Figure 6.3 s h o u l d  h e  
noted: 
1, T h e  SA:.1PLE s y s t e m  requires more s torage  cycles t h a n  
the 360 f o r  i ts " p r o c e s s i n g @ *  f u n c t i o n  a l o n e ,  T h i s  
is p r o b a b l y  d u e  to the l a c k  of internal r e g i s t e r s  
for storage of i n t e r m e d i a t e  r e s u l t s  i n  t h e  S A Y P L E  
s y s t  em e 
P 
r o x i m a t e l y  h a l f  i t s  
o v e c 11 ea d ~#~ o n - pro c e s s i n 'J 
ion requires more 
soblem t h a n  the 360  
system derives i ts  
t o  d i f f e r e n t  b s n k s  
t h i s  O C C U L S  can 
r u n s  describe3 
degree of o v e r l a p  is  l i m i t e d  
fact t h a t  each 
taesk i n  a given 
x 2 a n d  3 x 3 
s t o r a g e  access 
h i s t o r y  of  the 
igUK'e 6-4, Figure 6.4 
ses o f  a p p r o x i m a t e z y  
e " e x p a n s i o n  p h 3 s e t 8  
e x p a n s i o n  p h a s e o  
a n d i n g  i n s t r u c t i o n  
f ~ r  i t e r a t i o n ,  
i n s t r u c t i o n s  g e n e r a t e d  
Ding  t h e  a c t u a l  
h e  o p p o r t u n i t i e s  
the r o c e s s i n y  p h a s e .  
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Wr! have rneasuced t h e  e x e c u t i o n  t i n n  of t h e  SAillPLE s y s t c a  
w i t h  u n l i c ! i t e d  resourcesc a n d  of the sarae s y s t e m  l imi t e3  t.o 
t e n  p t O C e s S O r S ,  f o u r  pc?rtS p e r  pCoCesSor, t e n  menory  h a n k s ,  
and t e n  i r i s t r u c t i o n  s tore  han!cs. We w i l l  now consider each 
of t h e s e  f o u r  t y p e s  of r e s o u r c e s  i n d i v i d u a l l y ,  and. 
i n v e s t i g a t e  more f u l l y  the e f f e c t  on the SAMPLE sys t em of 
I . i i i i i t iny  each resource. 
For each t y p e  of resorsrce, we c o n d u c t  a series of 
e x p e r i m e n t s  i t 1  w h i c h  the given resource is  more a n d  voc? 
l i .mj,ted,  h u t  a l l  o t h e r  resources are u n l i m i t e d .  T h e  e x t r a n ?  
caries f o r  each  series of exper iments  a r e  t h e  c a s e  i n  w h i c h  
t h e  systero is limited t o  o n l y  one of t h e  given resource ( o n n  
processor, nemory b o n k ,  etc.), a n d  t h e  case i n  w h i c h  t h : ~  
given r e s o u r c e ,  a s  well. as a l l  other resources ,  is 
u n l i m i t e d .  E x e c u t i o n  times fo r  t h e  2 x 2 matr ix  
multiplication program are  m e a s u r e d  f o r  t h e s e  e x t r e r n e  C ~ S ~ S ,  
a s  well a s  in te rmedia te  cases, for e a c h  resource. T h e  
results are shown i n  T a b l e s  a n d  F i g u r e s  6 . 5 ,  6.6, 6.7,  a n d  
6.8. The F i g u r e s  show t h a t  when any resource is scarce, 
srnall c h a n g e s  in its a v a i l a b i l i t y  make l a r g e  c h a n g e s  i n  t h e  
e x e c u t i o n  time; h o w e v e r ,  when a r e s o u r c e  is p l e n t i f u l ,  t h e  
system is n o t  s e n s i t i v e  to its a v a i l a b i l i t y .  T h e  c u r v e s  
also show t h a t  n e a r l y  o p t i m u m  s p e e d  c a n  b e  r e a l i z e d  w i t h  
r e l a t i v e l y  few c o p i e s  of each r e s o u r c e ;  t h i s  i s  c o n s i s t e n t  
w i t h  our p r e v i o u s l y  obse rved  r e s u l t  t h a t  t h e  system w i t h  
only t e n  processors, f o u r  ports per  p r o c e s s o r ,  t e n  memory 
b a n k s ,  a n d  t e n  i n s t r u c t i o n  s t o r e  b a n k s  performed o n l y  
s y s t e m  for t h i s  
imes i n  t h e  two 
sd resources) is 
ratio = 6 .5  
r 3 2.8 
: ratio = 2,9 
ts, t h e  f o l l o w i n g  
E scheme o f  s i n g l e -  
speed advantages over 
SAMPLE system 
ccesses than a s e r i a l  
nit Of work, b u t  
a p  these accesses, 
ntacje, t h e  SAMPLE 
u l t i p l i c i t y  of 
rage access ports. 
storage required 
h greater  i n  the 
t i o n a f  system. 
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3.  The s t o r a g e  and o t h e r  requirements of t h e  SRPIPLE 
s y s t e m  e x c e e d  those of a c o n v e n t i o n a l  system b y  a 
g r e a t e r  fac tor  t h a n  i ts s p e e d  exceeds the s p e e d  of a 
c o n v e n t i o n a l  system. T h e r e f o r e ,  the SAMPLE t y p e  o t  
s i n g l e - a s s i g n n e n t  p r o c e s s i n g  is n o t  a c o s t - e f f e c t i v e  
way of u t i l i z i n g  a g i v e n  q u a n t i t y  of hardvare. S u c h  
a method of p r o c e s s i n g  s h o u l d  be  c o n s i d e r e d  o n l y  i n  
a p p l i c a t i o n s  where raw speed is t h e  only 
c o p s i d e c a t i o n ,  o r  a s  a research t o o l  f o r  
i n v e s t i g a t i n g  t h e  p r o p e r t i e s  of p a r a l l e l  systems. 
SUGGESTIONS FOR CONTINUED RESEARCB 
A n u m b e r  of areas s u g g e s t  t h e m s e l v e s  f o r  continue:! 
i n v e s t i g a t i o n  a n d  o p t i n i z a t i o n  of t h e  SAMPLE system, 
One  s u c h  a rea  is d e v e l o p m e n t  of a p a r 3 l l e l  p a r s i n 3  
t e c h n i q u e ,  as s u g g e s t e d  in t h e  COMPILATION c h a p t e r .  
P a r t i c u l a r  a t t e n t i o n  m i g h t  be  g i v e n  t o  how m u l t i p l e  p a r s i n g  
p r o c e s s o r s  m i g h t  i n t e r a c t  t o  c o o r d i n a t e  t h e i r  s c t i v i t i e s  i n  
p a r s i n g  a s i n g l e  program. 
A s e c o n d  area f o r  c o n t i n u e d  research c o n c e r n s  ths 
s c h e d u l i n g  of i n s t r u c t i o n s  in the case v h e n  t h e  Ready L i s t  
c o n t a i n s  s e v e r a l  ready i n s t r u c t i o n s  a t  t h e  same time. As 
desc r ibed  i n  t h e  "System'* c h a p t e r ,  each R e a d y  L i s t  b a n k  
t r e a t s  i ts  i n s t r u c t i o n s  i n  f i r s t - i n ,  first-out fashion. 
However ,  other methods  of s c h e d u l i n g  t h e  ready i n s t r u c t i o n s  
c o u l d  b e  s t u d i e d .  F o r  e x a m p l e ,  a p r i o r i t y  o r d e r i n g  c o u l l  
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h e  d e f i n e d  among t h e  o p c o d e s ,  s u c h  t h a t  c e r t a i n  o p c o d e s  
o u l d  a l w a y s  be g i v e n  p r e c e d e n c e  i n  t h e  a l l o c a t i o n  o f  idle 
p r o c e s s o r s ,  R e s e a r c h  could be c o n d u c t e d  i n t o  c h o o s i n g  
t h e  b e s t  p r i o r i t y  o r d e r i n g  among t h e  opcodes, OL: 
into d i s c o v e r i n g  an e n t i r e l y  d i f f e r e n t  m e a n s  o f  s c h e d u l i n g  
ready i n s t r u c t i o n s .  
A t h i r d  possible research area is t h e  problem of g a r b a g e  
c o l l e c t i o n ,  T h e  size of t h e  Hemory a n d  t h e  I n s t r u c t i o n  
h e  proposed system t e n d  to  grou r a p i d l y  w i t h  th:  
c o m p l e x i t y  of tho problem b e i n g  r u n .  No a l g o r i t h m  h a s  yet 
been p r o p o s e d  for d e - a l l o c a t i o n  of an i n s t r u c t i o n  c e l l  which 
h a s  already been e x e c u t e d ,  or a memory ce l l  w h i c h  i s  no 
longer needed, These p r o b l e m s  are d i f f i c u l t  f o r  sevaral 
reasons. Alsthough a n  i n s t r u c t i o n  has already b e e n  executed ,  
i t s  cell may still c o n t a i n  l i n k  fields w h i c h  a r e  a c t i v e  a n d  
w h i c h  may still he used i n  u p d a t i n g  other i n s t r u c t i D n s .  
Similarly, a l t h o u g h  a l l  i n s t r u c t i o n s  w h i c h  use a g i v e n  
eremory ce l l  have a l r e a d y  been e x e c u t e d ,  more i n s t r u c t i o n s  
may be g e n e r a t e d  la ter  w h i c h  refer t o  the same cell, a n d  s o  
d @ - a ~ ~ o c a t i o ~  of t h e  memory ce l l  is d a n g e r o u s .  .In spite of 
these d i f f i c u l t i e s ,  i t  w o u l d  seem t h a t  t h e  r e s o u r c e  
o c a t i o n  p r o b l e m  must  b e  solved i f  t h e  SAMPLE system i s  
to  be f e a s i b l e .  
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T A B L E  6.1 
BEHAVIOR OF IBM SXSTEM/360 P R O t i R k M  
2 x 2  3 x 3  
ma trices  m a t r i c e s  
Execut ion  T i m e  (cycles) 164 484 
Data S t o r a g e  ( b i t s ]  416 896 
T n S t r U C k i Q n  S t o r a g e  ( b i t s )  576 576 
Total Storage  (bits) 992 1 472 
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T A B L E  6.2 
B E H A V I O R  OF SBMPLE PnOGRAM 
2 x 2  2 x 2  3 x 3  3 x 3  
matrices matrices matrices matrices 
u n l i m i t e d  l i m i t e d  u n l i m i t e d  limite3 
s y s t e m  system s y s t e m  s y s t e m  
Execut ion  T i m e  (cycles) 
Processors 
Ports per Processor 
Hemory Banks 
Instruction Stor8 Banks 
Data Storage (bits) 
Instruction Storage (hits) 
Total Storage (bits) 
55 
18 
4 0  
95 
64  
7980 
18228 
26208 
90 
10 
4 
10 
10 
7980 
18228 
26208 
62 
4 1  
I02 
t95 
128 
16380 
356'72 
52052 
155 
10 
4 
t o  
10 
16380 
35672 
52052  
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FIG. 6.2 
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T A B L E  6 . 3  
FREQUENCY OF USE OF STORAGE COMllAfJDS 
2 x 2  3 x 3  
matrices  matrices 
Processing ( t o t a l )  
M R  
M R R  
M A  
RF 
29% 659 
175 400 
175 400 
15 29 
40 76’ 
Expansion Overhead ( t o t a l )  149 
BRWLC 72 
IR 22 
In 48 
IA 7 
R e a d i n e s s  Overhead ( t o t a l )  110 
ISRB 75 
R A  35 
301 
143 
22 
121 
15 
2 75 
203 
72 
Grand Total 557 1235 
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Cycle 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11  
12 
13 
15 
16 
17 
18 
19 
20 
TABLE 6.4 
ACTIVE PROCESSORS V S  T I H E @  UNLIMITED SAMPLE SYSTEM 
2 X 2 3 X 3  
case case C y c l e  
4 
4 
4 
4 
4 
4 
f+ 
4 
4 
4 
4 
2 
2 
2 
2 
2 
2 
2 
2 
a 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
2 
2 
2 
2 
2 
2 
2 
2 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1  
32 
33 
35 
36 
37 
39 
40 
3a 
2 x 2  
case 
2 
2 
2 
2 
4 
4 
4 
4 
1 4  
1 4  
1 4  
14 
1 4  
18 
1 8  
18 
18 
17 
17 
3 x 3  
case Cycle 
2 
2 
2 
2 
5 
5 
5 
5 
23 
23 
24 
24 
25 
29 
32 
35 
3 6  
3 6  
36 
4 1  
42 
43 
4 4  
45  
46  
47 
4 8  
4 9  
50 
5 1  
5 2  
53 
5 5  
56 
57 
58 
59 
60 
6 1  
2 X 2 3 X 3  
case case 
16 36  
13  37  
12  3 8  
12 4 0  
12  4 1  
1 1  3 9  
7 3 2  
5 28 
4 2 4  
4 2 1  
3 18  
3 15 
1 10 
9 
8 
6 
4 
2 
1 
9 3 a  
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TAELE 6.5 
SAXPLE EXECUTION TIXE VS. PROCESSORS 
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TABLE 5.6 
SANPLE E X E C U T I O N  TIJTE VS. POETS PER PROCESSOR 
360 
320 
280 
2ho 
200 
160 
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1 
I 
x 
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TABLE 6.7 
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APPEND>IX> A 
SAMPLE SEKANTICS 
T h e  r e d u c t i o n s  of the SAMPLE g r a m m a r  are l i s t e d ,  
together w i t h  t h e  a c t i o n s  t o  be  taken by  t h e  compiler w h e n  
e a c h  r e d u c t i o n  is performed, I n  e v e r y  r e d u c t i o n ,  i t  is 
i m p l i c i t  t h a t  t h e  s y m b o l s  o n  the r i g h t  side w i l l  b e  r e p l s c e r l  
i n  t h e  TSU b y  the s y m b o l  o n  t h e  l e f t .  I n  t h e  l i s t i n g  of a 
r e d u c t i o n ,  t e r m i n a l  s y m b o l s  are r e p r e s e n t e d  by t h e m s e l v e s ,  
s u c h  as E o n t e r m i n a l  s y m b o l s  are  r e p r e s e n t e d  by  t h e i r  
*%ypeS*, ' *va l i i e fq ,  a n d  "code b e g i n "  f i e l d s  e n c l o s e d  i n  
b r a c k e t s ,  s u c h  a s  <term.Tl,IZ> a Any of t h e s e  f i e l d s  may b e  
c m i t t e d  if its v a l u e  is i ima te r i a l ,  or i f  it is  t o  b e  
t r e a t e d  by i m p l i c i t  c o n v e r k t i o n s  t o  b e  d e s c r i b e d  l a t e r ,  T h e  
r e f e r e n c e s  i n  t h e  " v a l u e f f  f i e l d s  of t h e  TSU ce l l s  m u s t  b e  of 
t h e  t y p e  s p e c i f i e d  i n  t h e  r e d u c t i o n  l i s t i n g ,  e x c e p t  t h a t  a n  
R - r e f e r e n c e  may be s u b s t i t u t e d  for a T - r e f e r e n c e .  I n  a l l  
s y m b o l s ,  
Hn m e a n s  a memory a d d r e s s .  
Tn means a t a g  u i t h o u t  memory a l l o c a t i o n ,  
In means a i n s t r u c t i o n  a d d r e s s  i n  t h e  IS. 
Ln m e a n s  a l i t e r a l  i n t e g e r  v a l u e .  
Any r e f e r e n c e  o n  t h e  left s i d e  of a r e d u c t i o n  w h i c h  
matches a s y m b o l  o n  t h e  r i g h t  side d e n o t e s  t h a t  t h e  
r e f e r e n c e  is c o p i e d  from t h e  old s y m b o l  i n t o  the new s y m b o l ;  
- l o a  - 
i f  a ref@E@&Ca on t h e  l e f t  side m a t c h e s  n o  reference o n  t h e  
r i g h t  s i d e ,  it is n e w l y  c r e a t e d .  For example, 
2:" <factor,Tl> 
h a t  t h e  r e f e r e n c e  T1 is c o p i e d  from t h e  old symbol 
i n t o  the new symbol, w h e r e a s  
<teru,TI> J:= Cterm,TZ> / <factor.T33 
d e n o t e s  khat the r e f e r e n c e  TI is neuly c r e a t e d .  Each 
T - r e f e r e n c e  created by  the p a r s e r  is  u n i q u e  a n d  d i s t i n c t  
from all o t h e r  T - r @ f e r e R C e S .  
In the listings of r e d u c t i o n s ,  the term "normal 
instruction c h a i n i n g "  h a s  t h e  f o l l o u i n g  mean ing :  
inked lists of i n s t r u c t i o n s  p o i n t e d  t o  by t h e  
"code beginq'  f i e l d s  of t h e  symbols op t h e  r i g h t  s i d e  
of the reduction are to be l i n k e d  t o g e t h e r  i n t o  a 
single list. This can be a c c o m p l i s h e d  by c h a n g i n g  
he f f s t a t e m e n t  l i n k "  f i e l d  of  t h e  i n s t r u c t i o n  ce l l  
p o i n t e d  t o  by t h e  "code e n d "  f i e l d  of e a c h  f r a g m e n t  
to p o i n t  t o  t h e  b e g i n n i n g  c e l l  of t h e  n e x t  
f r a g m e n t  e 
2, Any new i n s t r u c t i o n s  emitted as a consequence of the 
eduction are added t o . t h e  l i n k e d  list a t  t h e  head. 
3, T h e  neu left side s y m b o l  i n  the TSU h i s  its v8::~da 
b e g i n "  and '*code end" f i e l d s  set t o  p o i n t  t o  the 
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b e g i n n i n g  and end of the new list of i n s t r u c t i o n  
cells. 
T h e  p u r p o s e  o f  t h i s  c o n v e n t i o n  is t o  e n s u r e  t h a t  each symbol 
i n  t h e  TSU p o i n t s  t o  a l i n k e d  list of i n s t r u c t i o n s  i n  the Is 
w h i c h  ace associated w i t h  t h e  symbol. I f  the symboi h a s  a 
v a l u e ,  t h e  i n s t r u c t i o n  w h i c h  a s s i g n s  its v a l u e  will b e  t h e  
f i r s t  i n s t r u c t i o n  of t h e  l i n k e d  list. When the p h r a s e  
" n o r m a l  i n s t r u c t i o n  c h a i n i n g "  is u s e d  w i t h  a r e d u c t i o n ,  t h e  
'*cod@ b e g i n "  f i e l d s  of its s y m b o l s  will n o t  be explicitly 
shown i n  the l i s t i n g s  below. 
Some of t h e  r e d u c t i o n s  c a l l  for e m i t t i n g  i n s t r u c t i o n s  
w i t h  more t h a n  f o u r  o p e r a n d s .  T h e s e  i n s t r u c t i o n s  a r e  p l a c e d  
i n  two c o n s e c u t i v e  cells i n  t h e  IS, w i t h  t h e  o p c o d e  of t h e  
s e c o n d  cel l  s e t  t o  a s p e c i a l  n c o n t i n u a t i o n " f  code. 
I n  some eases, i t  may be n e c e s s a r y  t o  make a n  i n s t r u c -  
t i o n  wait for a dummy o p e r a n d  t o  become r e a d y  b e f o r e  the 
i n s t r u c t i o n  is e x e c u t e d ,  a l t h o u g h  t h e  dummy o p e r a n d  d o e s  not 
p a r t i c i p a t e  d i r e c t l y  i n  t h e  i n s t r u c t i o n .  Dummy o p e r a n d s  a r e  
d e n o t e d  for any i n s t r u c t i o n  by the u s e  of p a r e n t h e s e s .  For 
e x a m p l e ,  ASSIGN M I  ,M2, (M3) b e h a v e s  e x a c t l y  like ASSIGN 
Ml,M2 e x c e p t  t h a t  i t  c a n n o t  be performed u n t i l  t h e  dummy 
v a r i a b l e  M 3  i s  r e a d y .  
I n  the l i s t i n g s  of r e d u c t i o n s  below, to '*emitt1 an 
i n s t r u c t i o n  means  t o  p l a c e  the i n s t r u c t i o n  i n  a 
n e u l y - a l l o c a t e d  cel l  i n  t h e  I n s t r u c t i o n  S t o r e ,  b u t  n o t  t:, 
release it for e x e c u t i o n .  T o  "release a n  i n s t r u c t i o n  f o r  
e x e c u t i o n "  resul ts  i n  t h e  s e q u e n c e  of a c t i o n s  d e s c r i b e d  i n  
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d e t a i l  u n d e r  * l I n s t r ~ ~ t i o n  G e n e r a t e  R o u t i n e "  i n  t h e  
EXECUTION c h a p t e r .  
<program> ::= <block,fl> , 
D e f i n i t i o n :  I1 is t h e  s t a r t i n g  address of a l i n k e d  l i s t  
of one  or  more E X P A N D  o r  STARTLOOP i n s t r u c t i o n s .  
A c t i o n  : 
1. For every STARTLOOP i n s t r u c t i o n  on the l ist  11, 
fill i n  l i t e r a l  1 a s  its f i f t h  operand, and t h e  
address of a n e w l y - a l l o c a t e d  memory cell a s  its 
f o u r t h  operand. 
2. Release all i n s t r u c t i o n s  o n  t h e  list 1 1  for  
e x e c u t i o n  o n  level 7 .  
<block,Il> := BEGIN (block head> ( s t a t e m e n t  l i s t . I l >  E N D  
NO Action. 
(b lock  head)  ::= ( d e c l a r a t i o n )  
No a c t i o n ,  
e a 0  ::= <block head) ( f u n c t i o n  d e f n >  
( d e c l a r a t i o n )  ::= DECLARE <name list> : 
s reduction is never seen by t h e  parser b e c n u s e  
it is f i l t e r e d  o u t  by the s c a n n e r .  
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< d e c l a r a t i o n >  ::= DECLARE <name list>, FUNCTION <name list); 
T h i s  r e d u c t i o n  is n e v e r  seen by  t h e  parser because 
it  is filtered o u t  by t h e  s c a n n e r .  
( f u n c t i o n  d e f n >  ::= DEFINE <name.Il> ( <name list.12) ) ; 
( f u n c t i o n  body.13) END 
D e f i n i t i o n s :  
f l  i s  t h e  s t a r t  of a l i n k e d  list of instruction 
cells c o n t a i n i n g  T - r e f e r e n c e s  bound  t o  v a r i a b l e s  
dec la red  inside t h e  f u n c t i o n ,  each l a b e l l e d  
g 1 i n t e r n a 1 8 *  by a code i n  t h e  opcode f i e l d .  
f 2  is t h e  s t a r t  of a l i n k e d  list of i n s t r u c t i o n  
cells c o n t a i n i n g  the parameters of t h e  f u n c t i o n ,  
,in order, e a c h  labelled "PARAMETERf1 by a code 
i n  t h e  opcode f i e l d .  
13 is the start of a l i n k e d  list of i n s t r u c t i o n  
cells, b e g i n n i n g  w i t h  a T - r e f e r e n c e  l a b e l l e d  
"RESULT*I, followed by o n e  o r  more instructions, 
some of which may be E X P A N D  or STARTLOOP. 
A c t i o n :  Link lists 11, 12, a n d  13 t o g e t h e r  t o  form a 
s ing le  list b e g i n n i n g  a t  1 1 .  
( f u n c t i o n  d e f n >  ::= DEFI'NE (narne.11) ; ( f u n c t i o n  body.12) E N D  
D e f i n i t i o n s :  
1 1  is  t h e  s t a r t  of a l i n k e d  list of i n s t r u c t i o n  
cel ls  c o n t a i n i n g  T - r e f e r e n c e s  b o u n d  t o  v a r i a b l e s  
declared i n s i d e  t h e  f u n c t i o n ,  each l a b e l l e d  
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" i n t e r n a l 9 8  by a code i n  t h e  o p c o d e  f i e l d .  
f2 is t h e  s t a r t  of a l i n k e d  list of i n s t r u c t i o n  
cells, b e g i n n i n g  w i t h  a T - r e f e r e n c e  l a b e l l e d  
e*RESULT81e followed by o n e  or mors i n s t r u c t i o n s ,  
some of which may be EXPAND or STARTLOOP. 
A c t i o n :  L i n k  lists I1 and I2 together t o  form a 
s i n g l e  list b e g i n n i n g  at XI. 
(name list> ::= <name> 
T h i s  reduction is never seen by t h e  p a r s e r  because  i t  is 
f i l t e r e d  o u t  by the s c a n n e r .  
<name list) := <name list> , <name> 
This r e d a c t i o n  is never seen by t h e  p a r s e r  b e c s u s e  
it is f i l t e red  o u t  by the s c a n n e r .  
( f u n c t i o n  body .  I1 > : : = ( d e c l a r a t i o n )  ( s t a t e m e n t  l i s t . 1 2 >  
(expr. T3. I4> 
I n t o  a n e w l y - a l l o c a t e d  i n s t r u c t i o n  c e l l  f 1, 
p l a c e  t h e  reference T2, with t h e  l abze l  IIBESULTt* 
in the o p c o d e  f i e l d ,  L i n k  t h e  i n s t r u c t i o n  lists 
b e g ~ ~ n ~ ~ g  at  12 a n d  I4 together t o  form a s i n g l e  l i n k e d  
P i s t  b e g f n n i n g  with t h e  new cell  11. 
( f u n c t i o n  body.Il> ::= < s t a t e m e n t  list.12) <expr,T3.14> 
I n t o  a ne u ly- a l l  oca t ed i n s t r u c t i o n  c e l l  11, 
place t h e  r e f e r e n c e  T 2 ,  w i t h  t h e  l a b e l  *#RESULTiw 
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in the opcode field. Link  t h e  i n s t r u c t i o n  
b e g i n n i n g  a t  I 2  and 14 together to Porm a 
list b e g i n n i n g  w i t h  the new cel l  11. 
( f u n c t i o n  body.11) ::= <expr.T2.13> 
Into a n e w l y - a l l o c a t e d  i n s t r u c t i o n  ce l l  
reference T2, w i t h  the label ' tresul t"  
si. n g le 
l is ts  
linke3 
1 1 ,  p l a c e  t h a  
i n  t h e  opcode 
f i e l d .  L ink  onto the new cell 11 the i n s t c u e t i o n  l ist  
beginning a t  13, forming a s i n g l e  linked list.  
(statement list.11) ::= <statement,I1> 
No Action. 
<statement 1.ist. I t >  ::= ( s ta temnt  list. 11) ( s t a t e m e n t .  12) 
Link the list of i n s t r u c t i o n s  starting a t  I2 o n t o  the 
e n d  of t h e  list of i n s t r u c t i o n s  s t a r t i n g  at 11. 
<statemeat,I I> : := ( b l o c k .  11) 
No action.  
<statement,Il> := <loop.Il> 
No action, 
<statement.Il> ::= R E A D  < r e a d  list.12) ; 
1 .  Scan t h e  list I 2  and f i n d  all cells l a b e l l e d  
IT E 8 ANT 'I. 
2. E m i t  t h e  following i n s t r u c t i o n  ( n o t  on the l i s t ) :  
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E X P A N D  22 
S e t  t h e  "statement link" field of t h e  new 
~ n ~ ~ r ~ c t i o n  to 18nonefq. Use a l l  ~*TTEBAMT** T- or 
M-references found in s t e p  1 as dummy operands  of 
t h e  EXPAND i n s t r u c t i o n  (up to three operands ) .  
the r e f e r e n c e  I1 i n  the new TSU symbol to the 
a d d r e s s  of t h e  new E X P A N D  i n s  tr  u c  t i o n  * 
< s t a t e w e n t , Z I >  : := WRITE <write list, 12) ; 
1. S c a n  t h e  list 12 and f i n d  a l l  c e l l s  l a b e l l e d  
IT E R ANT l*. 
2. E m i t  the following i n s t r u c t i o n  (not on t h e  l i s t ) :  
EXPAND 1 2  
Set t h e  * * s t a t e m e n t  l i n k "  f i e l d  o f  the neu 
instruction to **none". Use all "ITTERANT" T- or 
M - r e f e r e n c e s  f o u p d  i n  s t e p  1 as dummy o p e r a n d s  of 
the EXPAND i n s t r u c t i o n  (up to three operands ) .  
3. Set t h e  r e f e r e n c e  I1 i n  t h e  n e v  TSU s y m b o l  to the 
address o f  the new EXPBND in st r uc  t i o n .  
< s t a t e m e n t , I l >  ::I <lef t  part.TZ.13) IS TUPLE 
4 (sum expr0T4.ZS> , < n u n  e x p r O T 6 , T 7 >  3 v 
1. Emit TUPLE T 2 , T 4 , T 6  
2.  Link i n s t r u c t i o n  lists 13, 15, and I7 ( i f  any)  
t o g e t h e r  to form a s i d g l e  l i s t  starting a t  13, Add 
the n e v l y  e m i t t e d  TUPLE i n s t r u c t i o n s  to this l is t .  
Scan  t h e  list and  f i n d  a l l  cells l a b e l l e d  
'' I T E R AN T o 
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IL 
3, E m i t  the f o l l o w i n g  i n s t r u c t i o n  (not  on the l i s t ) :  
EXPAND I3 
S e t  t h e  " s t a t e m e n t  l i n k "  f i e l d  o f  t h e  new 
i n s t r u c t i o n  to  "none8*.  Use all t'ITERANT1q T- oc 
H - r e f e r e n c e s  found  i n  s t e p  2 a s  dunmy o p e r a n a s  of 
the EXPAND i n s t r u c t i o n  (up  t o  t h r e e  o p e r a n d s ) .  
4. Set t h e  r e E e r e n c e  11 i n  t h e  new TSU symbol t o  
t h e  a d d r e s s  of t h e  new EXPAND i n s t r u c t i o n .  
< s t a t e m e n t e f t >  ::= < l e f t  p a r t e T 2 . 1 3 >  C Cexps.TB.IS> ; 
D e f i n i t i o n s :  
T 2  i s  the t a g  o r  memory address  t o  w h i c h  the 
a s s i g n a e n t  is t o  b e  made. 
I 3  is t h e  s t a r t  of a list of i n s t r u c t i o n s  emitted 
d u r i n g  t h e  p a r  s i n g  of < l e f t  p a r t ) .  
T4 i s  t h e  t a g  or memory a d d r e s s  v h i c h  is t o  b e  
assi p e d .  
IS is t h e  s t a r t  of a list of i n s t r u c t i o n s  w h i c h  
d e f i n e  T4. T h e  i n s t r u c t i o n  w h i c h  a c t u a l l y  
a s s i g n s  a value t o  T4 is t h e  f i r s t  i n s t r u c t i o n  
on t h e  list, a n d  T4 is its f i rs t  o p e r a n d ,  
A c t i o n :  
1. If the list I5 exis ts ,  c h a n g e  t h e  f irst  
a p e r a n d  of i n s t r u c t i o n  15 from TU t o  T2. 
O t h e r u i s e ,  emit t h e  i n s t r u c t i o n  ASSIGN T2,T4 
a t  some l o c a t i o n  15, 
c 
2, L i n k  t h e  lists 1 3  a n d  I5  ( i f  a n y )  t o g e t h e r  to 
form a l i n g l e  list s t a r t i n g  a t  13. S c a n  t h i s  
list a n d  f i n d  a l l  cel ls  labelled l e I T E R R N T f # .  
3 ,  E n t i t  t h e  f o l l o w i n g  i n s t r u c t i o n  (not on t h e  l i s t ) :  
EXPAND I3 
Set t h e  " s t a t e n e n t  l i n k "  field of t h e  new 
i n s t s u c t i o n  t o  "none". Use all "ITEBA1JTqq T- or 
H - f e f e r e n c e s  f o u n d  in step 2 as dumay o p e r s n d s  
o f  the EXPAND i n s t r u c t i o n  ( u p  to three 
o p e r a n d s )  
Q, Set  t h e  reference 1 1  i n  t h e  new T S U  symbol t o  
t h e  address  of the new EXPAND i n s t r u c t i o n ,  
<read l i s t , l C f >  := <read aLom-11) 
NQ A c t i o n .  
<read list,IIl> ::= <read ListeIl> , <read atom.12) 
Link  the ~ ~ s t ~ u c ~ i ~ n  list starting a t  I 2  o n t o  t h e  and  of 
t h e  i n s t r u c t i a n  list s t a r t i n g  at 1 1 ,  
<read atOm.Il> := ( <left part5T2.13> , tnum expr,T4.15> ) 
1, E m i t  READ T2,TU 
t h e  i n s t r u c t i o n  lists s t a r t i n g  a t  E3  and  I 5  
together w i t h  t h e  ne READ i n s t r u c t i o n  t o  form a 
l i n k e d  list s tar t ing  at, IS. 
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(write list. 1 1 )  ::= < u r i t e  atom. 1 1 )  
No A c t i o n ,  
(write list.11) ::= ( u r i t e  list.11) , <write atorn.12) 
Link t h e  i n s t r u c t i o n  list s t a r t i n g  a t  I 2  o n t o  t h e  e n d  of 
t h e  i n s t r u c t i o n  list s t a r t i n g  a t  1 1 .  
(write atom.Il> ::= ( (expr.TZ.13) , tnum expr.TQ.IS> ) 
1 .  E m i t  HRITE T2,T4 
2. Link t h e  i n s t r u c t i o n ,  lists start ing at. 13 and 15 
t o g e t h e r  with t h e  new WRITE i n s t r u c t i o n  to form a 
l i n k e d  list s t a r t i n g  a t  1 1 .  
<left part.lll> := <name.Ml> 
No action.  
< l e f t  p a r t . T l >  ::= <bounded l e f t  p a r t . T l >  
No a c t i o n .  
< le f t  p a r t . T l >  ::= <unbounded l e f t  p a r t . T l >  
NO a c t i o n ,  
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(bounded l e f t  p a r t , T l >  ::= <namceM2> < S U b S c r i p t e T 3 >  
Place t h e  number 0 i n  a n e u l y - a l l o c a t e d  memory 
cell  Hp and mark i t  r e a d y  o n  level 7 .  
E m i t  TUPLE ~ 2 , M p , T 4  
I N S E B T  TI,M2,T3 
Normal i n s t r u c t i o n  c h a i n i n g .  
< ~ ~ u n a @ d  l e f t  part,TI> ::= <na~ie .M2> < s u b s c r i p t . T 3 >  O F  
tnum e x p r . ~ 4 >  8 <num expr ,TS> 1 
Emit TUPLE M2,Tl l ,T5 
INSERT TI ,M2,T3  
Normal i n s t r u c t i o n  c h a i n i n g .  
<bounded left part.T1> ::= (bounded l e f t  p a r t . T 2 >  
< s u b s c r i p t e T 3 >  OF <num e x p r e T 4 >  
Place t h e  number 0 i n  a n e w l y - a l l o c a t e d  memory 
c e l l  flp and mark i t  ready on l e v e l  7 .  
Emit TUPLE ~ 2 ~ ~ p , T ~  
INSERT T l , T 2 , T 3  
Normal instruction c h a i n i n g .  
<bounded l e f  p a r t . T 4 >  ::= (bounded left p a r t . T 2 >  
t s u b s c r i p t e T 3 >  OF 4 <num e x p t , T 4 >  , tnum e x p r . T 5 >  1 
Emit TUPLE T2*TU,T5 
r ~ ~ E ~ ~  ~ ? ~ T 2 , ~  
Normal i n s t r u c t i o n  c h a i n i n g ,  
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(unbounded left p a r L . T l >  ::= < l e a d e r . T 2 >  < s u b s c r i p t . T 3 >  
E m i t  INSERT Tl ,T2,T3 
Normal i n s t r u c t i o n  c h a i n i n g .  
< l e a d e r . M l >  := <narne.Ml> 
No ac t ion ,  
< l e a d e r . T l >  ::= < l e a d e r . T 2 >  < s u b s c r i p t . T 3 >  
Emit SUB TI,TZ,T3 
Normal i n s t s u c t i o n  c h a i n i n g .  
< 1 O o p , I l >  := FOR <name.M2> +- <num expr.T3.IQ> STEP 
<num exprmT5,I6> UNTIL <num expr.T7. 18) no 
<init.I9.110> ; ( s t a t e m e n t  list. If 1) END 
D e f i n i t i o n s :  
19 is t h e  b e g i n n i n g  of a list of i n s t r u c t i o n s  h a v i n g  
no unallocated ( T - r e f e r e n c e )  ope rands .  T h e  
i n s t r u c t i o n s  i n i t i a l i z e  a l l  S N f T I A L  v a r i a b l e s  of 
the loop, and, when t h i s  is c o m p l e t e ,  d e f i n e  
some memory cell  lip. Mp is the f i r s t  o p e r a n d  of 
the f i rs t  i n s t r u c t i o n  o n  t h e  l ist,  
I 1 0  is t h e  b e g i n n i n g  of a list of a l l  M-references 
a p p e a r i n g  i n  the i n i t i a l i z a t i o n  s ta tement ,  i n  
cells l a b e l l e d  ItDOUBLE", and o t h e r  M - r e f e r e n c e s  
used i n  the i n i t i a l i z a t i o n  p r o c e s s ,  i n  cells 
l a b e l l e d  @y3TARTUPt1. 
I f1  is t h e  b e g i n n i n g  of a list of E X P A N D  and 
S T A ~ T ~ O O ~  ~ s ~ ~ u c t ~ ~ ~ s  w h i c h  p o i n t  t o  a l l  code 
Action: 
1, R e p l a c e  a l l  eferences a p p e a r i n g  on lists 1 4 ,  
f6, and  I 8  t h  n e u l y - a l l o c a t e d  pi-references, 
(Note: i f  ists do n o t  exist, then 
the  c o r r e s p o n d i n g  T - r e f e r e n c e  T3, T 5 ,  or T7 will 
i n s t e a d  be an M-reEerence, which we w i l l  r e f e r  
t o  a s  M3, M5, oc M7.) 
2, Add a l l  M-references newly allocated i n  step 1 
e list 110, i n  cel ls  l a b e l l e d  "STARTUP". 
3. Add t h e  i n s t r u c t i o n  ASSIGN p12,143, (Mp) to t h e  
linked Pist at 19# where M3 i s  t h e  M-reference 
s u b s t i t u t e d  €or T 3  i n  s t e p  I ,  and Epp i s  t h e  
first o p e r a n d  of t h e  first i n s t r u c t i o n  of t h e  
list 19, 
h e  lists 1 4 ,  a: 8 (if any) o n t o  t h e  
end of t h e  list 19. 
dd the ~ o ~ l o ~ ~ n g  instructions t o  t h e  l ist 19:  
TEST M r , M 2  
re fir is  n e  a t e d  a n d  M5 a n d  M7 are 
t h e  R-references s u b s t i t u t e d  f o r  TS and T7. 
6.  Emit t h e  f o l l o w i n y  . i n s t r u c t i o n  ( n o t  on a n y  list): 
10,19,-,- a 
, the address of t h e  new STARTLOOP 
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i n s t r u c t i o n ,  i n t o  t h e  new TSU 
7. Add M2 a n d  Mr to t h e  l i n k e d  l ist of 
a t  110, i n  cel ls  l a b e l l e d  
80 For each STARTLOOP i n s t r u c t i o n  o n  t h e  
p lace t h e  s e c o n d  o p e r a n d  o f  the 
s y m b o l .  
references 
S T A RT U Par . 
list 111, 
STARTLOOP 
i n s t r u c t i o n  on t h e  list 110, i n  a c e l l  l a b e l l e d  
"NESTED". 
9.  For each LEXPAND i n s t r u c t i o n  o n  t h e  l ist E l l ,  
s c a n  t h e  i n s t r u c t i o n s  on t h e  l ist  p o i n t e d  t o  
by the f i rs t  o p e r a n d  of t h e  LEXPAND i n s t r u c t i o n .  
Add t o  t h e  l ist 110, i n  ce l l s  l a b e l l e d  "LOCAL", 
a l l  M - r e f e r e n c e s  a p p e a r i n g  a s  o u t p u t  o p e r a n d s  
of s c a n n e d  i n s t r u c t i o n s ,  e x c e p t  t h o s e  a l r e a d y  
l ab  e 11 e d  ** D 0 U BL E **. 
<loop. I1 > := FOR <name.M2> 4- <num expr.T3.14> 
U N T I L  Cnum expr.T5.16> DO < i n i t m X 7 . I 8 >  ; 
(statesrent list. 1 9 >  END 
Def i n i t  i o n s :  
I7 is the b e g i n n i n g  of a list of i n s t r u c t i o n s  h a v i n g  
no u n a l l o c a t e d  ( T - r e f e r e n c e )  o p e r a n d s .  T h e  
i n s t r u c t i o n s  i n i t i a l i z e  all INITIAL v a r i a b l e s  of 
t h e  loop, a n d ,  when t h i s  is c o m p l e t e ,  d e f i n e  
some memory ce l l  np. Mp is the f i r s t  o p e r a n d  of 
the f i r s t  i n s t r u c t  i o n  o n  t h e  list. 
I8 is the b e g i n n i n g  of a l is t  of a l l  ? l - r e f e r e n c e s  
a p p e a r i n g  in t h e  i n i t i a l i z a t i o n  s t a t e m e n t ,  i n  
cells l a b e l l e d  18DOUf3LE8s,  a n d  other 11-ref erences 
u s e d  i n  t h e  i n i t i a  i z a t i o n  process, i n  cells 
labelled ' ~ S T ~ ~ ~ U P ' a  . 
19 is the beginning of a l ist  of  E X P A N D  a n 3  
RTLOOP i n s t r u c t i o n s  wh ich  p o i n t  to all code 
for the loop. 
Ac t ion :  
1. Beplace all T - r e f e r e n c e s  a p p e a r i n g  on lists I4 
a n d  X6 vith n e w l y - a l l o c a t e d  H-references, 
(Note: i f  any of these lists do riot e x i s t ,  then 
t h e  c o r r e s p o n d i n g  T - r e f e r e n c e  T 3  o r  T 5  will 
L n s t e a d  be an M - r e f e r e n c e ,  wh ich  we will refer 
to a s  t l3  or MS,) 
2. Add a l l  M - r e f e r e n c e s  newly a l l o c a t e d  i n  s t e p  1 
to the list 18, in ce l l s  labelled gESTARTUPtq .  
3. Add the i n s t r u c t i o n  ASSIGN fl2,M3, (Hp) t o  the 
& i n k e d  l ist  at 17, where M 3  is the M - r e f e r e n c e  
substituted for T3 i n  s t e p  1, a n d  Mp is the 
first o p e r a n d  of the f i r s t  i n s t r u c t i o n  of t h e  
list 17. 
4. Link t h e  lists I4 a n d  I6 ( i f  a n y )  o n t o  t h e  
end of t h e  list 17. 
5 .  Add t h e  folio i n g  i n s t r u c t i o n s  t o  t h e  list 17: 
C= Mr,M2, 
UPDATE I9,IR,nr,_,_,M2,Mt,M5 
where Hr is n e w l y  a l l o c a t e d ,  M5 is 
the M-reference s u b s t i t u t e d  for T5, a n d  Ht is 
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a memory cell which is n e w l y  allocated, set  
e q u a l  t o  1, a n d  m a r k e d  r e a d y  on level 0. 
6. Emit t h e  f o l l o w i n g  i n s t r u c t i o n  ( n o t  on a n y  l i s t ) :  
STARTLOOP r 9 , 1 8 , n , - , -  , 
P l a c e  11, t h e  addres s  of t h e  new STARTLOOP 
i n s t r u c t i o n ,  i n t o  the new rsu s y m b o l .  
7 .  Add M 2  a n d  Mr t o  the l i n k e d  list of references 
a t  18, i n  cel ls  l a  belled "S TA E TU F It. 
8. For e a c h  STARTLOOP instruction on t h e  l ist  19, 
place the s e c o n d  operand  o f  t h e  STARTLOOP 
i n s t r u c t i o n  on t h e  list 18, in a cell l a b e l l e d  
"I?NESTED" . 
9. For each LEXPAND i n s t r u c t i o n  o n  t h e  list 19, 
scan the i n s t r u c t i o p s  on t h e  list p o i n t e d  t o  
by t h e  f i r s t  operand of  t h e  LEXPAND i n s t r u c t i o n .  
Add t o  the list 18@ i n  cel ls  l a b e l l e d  l l L O C A L s a ,  
a l l  M - r e f e r e n c e s  a p p e a r i n g  a s  o u t p u t  operands 
of s c a n n e d  i n s t r u c t i o n s ,  except those alrsady 
labelled "DOUBLE". 
<loop.Il> ::= WHILE <num exprmT2.13> DO C i n i t , I 4 . 1 5 >  ; 
<statement  list. 16) END 
Definitions: 
I4 is the b e g i n n i n g  of a list of i n s t r u c t i o n s  h a v i n g  
no un a l loca t ed  ('& r e f e r e n c e )  ope r a n d s .  T h e  
i n s t r u c t i o n s  i n i t i a l i z e  a l l  INITIAL v a r i a b l e s  of 
the Poop, a n d ,  when t h i s  is c o m p l e t e ,  d e f i n e  
some memory ce l  e Plp is t h e  f i r s t  o p e r a n d  of 
h e  f i r s t  ori t h e  l ist .  
IS is the b e g i  is t  of all -references 
a p p e a r i n g  n t h e  i n i  ialization s t a t e m e n t ,  i n  
llls l a b e l l e d  *gDOU a n d  o t h e r  M - r e f e r e n c e s  
a t i o n  p r o c e s s ,  i n  cells 
of a list o f  EXPhND a n d  
h i c h  p o i n t  t o  a l l .  code 
A c t i o n :  
1. 
2, 
3.  
list s t a r t i n g  a t  I4 a 
n s t r u c t i o n s  on t h e  linked 
3, I n  t h e  n e w l y - c o p i e d  
a T - r e f e r e n c e s  by  
-references. (Note: I f  t h e  
the symbol t num e x p r >  
f e r e n c e  Ms: <num e x p r . M s >  
a new memory ce l l  M2, and 
e w i l l  c a l l  13, 
ins Lr uction A S S T G N  H2,Ms . I  
e w l y  a l l o c a t e d  i n  s t e p  1 
Is l a b e l l e d  19STARTUPfe. 
n g  i n s t r u c t i o n s  to t h e  l i n k e 3  
I3 
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w h e r e  Mr is newly a l loca ted ,  M2 is  t h e  
Pre ference  s u b s t i t u t e d  for T 2  ( o r  t h e  o u t p u t  
operand of t h e  n e w l y - g e n e r a t e d  RSSIGN 
i n s t r u c t i o n )  i n  s t e p  I ,  a n d  Mp is the f i r s t  
o p e r a n d  of t h e  f i r s t  i n s t r u c t i o n  of the list XU. 
E m i t  t h e  f o l l o w i n g  i n s t r u c t i o n  ( n o t  on a n y  l i s t ) :  
STARTLOOP 16,15,f4,-,- m 
Place I l ,  t h e  a d d r e s s  of the new STARTLOOP 
i n s t r u c t i o n ,  i n t o  t h e  new TSU symbol .  
A'dd lYIr t o  the l i n k e d  list of references a t  15, 
i n  a ce l l  l a b e l l e d  '*STARTUPt8. 
For each STARTLOOP i n s t r u c t i o n  on  t h e  l i s t  16, 
p l a c e  t h e  s e c o n d  o p e r a n d  of the STARTLOOP 
a n s t r u c t i o n  o n  t h e  list 15, i n  a c e l l  labelled 
" N ESTE D 'I 
For each LEXPAND i n s t r u c t i o n  on the list 16, 
s c a n  t h e  i n s t r u c t i o n s  on  t h e  list pointed t o  b y  
the first o p e r a n d  of t h e  LEXPAND i n s t r u c t i o n .  
Add t o  t h e  list IS, i n  cells  labelled 18LOCAL11, 
all M - r e f e r e n c e s  a p p e a r i n g  a s  o u t p u t  o p e r 3 n d s  
of s c a n n e d  i n s t r u c t i o n s ,  e x c e p t  t h o s e  a l r e a d y  
l a b e l l e d  
C i n i t . I l r n I 2 >  ::= INITIAL < i n i t  atom.Il.12> 
N O  Action. 
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< i n i t . 1 1 . 1 2 >  ::= < i n i t . 1 3 s I U >  , ( i n i t  atom.I5.16> 
D e f i n i t i o n s  : 
15 is t h e  start of a l i n k e d  l ist of i n s t r u c t i o n s  
w h i c h  i n i t i a l i z e  some variable. The v a r i s b l e  
b e i n g  i n i t i a l i z e d  is t h e  f i r s t  o p e r a n d  of the 
first i n s t r u c t i o n  of t h e  list. The list 
c o n t a i n s  no u n a l l o c a t e d  T-references. 
I6 is t h e  s t a r t  of a l i n k e d  list of all M-references 
used i n  i n i t i a l i z i n g  t h e  variable, i n  cells 
l a b e l l e d  8*startup",  and the v a r i a b l e  i t s e l f ,  i n  
a cell .  l a b e l l e d  "doub le1 f .  
Ac t ion :  
1 s  
2 s  
3. 
E n i t  NOP Elp,Mr,Ms w h e r e  Mp i s  n e w l y  a l l o c a t e d ,  
and H K  a n d  Ms are t h e  f irst  o p e r a n d s  of 
i n s t r u c t i o n s  I3 a n d  15, r e s p e c t i v e l y .  
Porm t h e  new NOP i n s t r u c t i o n ,  t o g e t h e r  w i t h  
linked lists s t a r t i n g  a t  I3 a n d  15, i n t o  a new 
linked list s t a r t i n g  a t  cell I t ,  w i t h  the new 
NOP at the head of t h e  l ist,  
Link lists s t a r t i n g  a t  I4 a n d  I6 i n t o  a new 
( l i n k e d  list s t a r t i n g  a t  12. Add t o  t h i s  L i s t  
Hp, the new bl-reference a l l o c a t e d  i n  s t e p  1, in 
a ce l l  with t h e  l a b e l  "startups* in the opcode 
f i e l d .  
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(init atom.Il.IZ> ::= <name.M3> C- <expr.T4.11> 
1. 
2. 
3. 
4. 
5. 
P l a c e  tho r e f e r e n c e  M 3  i n  a cell 12, w i t h  
"DOUBLEw i n  t h e  o p c o d e  f i e l d .  
Allocate a new memory ce l l  a n d  p l a c e  i ts  
t h e  '*OLDq1 f i e l d  of the ce l l  M3. 
the label 
a d d r e s s  i n  
I n  the i n s t r u c t i o n  11, c h a n g e  t h e  f i r s t  ope rand  from 
T4 t o  M3. If t h e  i n s t r u c t i o n  I1 d o e s  n o t  e x i s t ,  
emit the i n s t r u c t i o n  A S S I G N  E138T4 i n  l o c a t i o n  11 .  
Allocate a memory cell for each T - r e f e r e n c e  o n  t h e  
i n s t r u c t i o n  list b e g i n n i n g  a t  11, and rep lace  t h e  
T-references by t h e  new M-references, 
Add all the M-references newly a l l o c a t e d  i n  step 4 
t o  t h e  l ist  s t a r t i n g  a t  f2, one p e r  cell, w i t h  t h e  
l abe .1  " s t a r t u p * *  i n  t h e  o p c o d e  field, 
< e x p r . T l >  ::= <num e x p r . T l >  
No action.  
<eXpr=T1> ::= Cexpr.T2> U X T H  tnuw expr.T3> C <num expr.T4> 
E m i t  WITH Tl,T2,T38T4 
Normal i n s t r u c t i o n  c h a i n i n g .  
tnum e x p r . T l >  ::= <log ica l  e x p r . T l >  
No ac t ion ,  
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A 
tnum e x ~ r e T l ~  ::= TF <aum e x p r , T 2 >  T H E N  <num expr.T3> E L S E  
~ o E ~ a ~  i n s t r u c t i o n  c h a i n i n g ,  
( l o g i c a l  expr.T1> ::= ( l o g i c a l  term.T1> 
o g i e a l  SXP .TI> ::= <log  cal expc.T2> OR ( l o g i c a l  termeT3> 
Emit OR T I , T 2 , T 3  
Norma 1 i n s t r u c t i o n  c h a i n i n g  . 
( l o g i c a l  termeT1> ::= ( l o g i c a l  factor.Tl> 
No A c t i o n .  
( l o g i c a l  t e r m e T 1 >  ::= ( l o g i c a l  term.T2> A N D  < l o g i c a l  factor.T3> 
Emit ~ N D  T1,T28T3 
t i o n  c h a i n i n g ,  
1) : := ( r e l a t i o n ,  T1> 
No act ion.  
( logical  faCtoKITl> ::= NOT < r e l a t i o n e T 2 >  
NOT T 1 , T 2  
Normal. i n s t r u c t i o n  c h a i n i n g .  
- 123 - 
< r e l a t i o n . T 7 >  ::= ( a r i t h  e x p r . T l >  
No act ion.  
< r e l a t i o n . T l >  ::= ( a r i t h  e x p r . T 2 >  = (arith expr.T3> 
E a i t  = T l , T 2 , T 3  
Normal i a s t r u c t i o n  c h a i n i n g .  
< r e l a t i o n . T l >  ::= ( a r i t h  expr.T2> -= < a r i t h  expr.T3> 
Emit -.= T l l T 2 , T 3  
Normal i n s t r u c t i o n  chaining. 
< r e l a t i o n . T l >  := < a r i t h  expr .TZ> < ( a r i t h  expr ,T3> 
Enit < Tl8T2 ,T3  
Normal F s s t  r u c t i o n  c h a i n i n g ,  
t r e l a t i o n . T l 5  ::= (ar i th  expr,3!2> <= Carith expr.T3> 
E m i t  <= T18T2eT3 
Normal i n s t r u c t i o n  c h a i n i n g ,  
< r e l a t i o n . T l >  ::= <ar i th  expr.T2> > < a r i t h  e x p r . T 3 >  
E m i t  > TI,T2,T3 
Normal i n s t r u c t i o n  c h a i n i n g .  
< r e l a t i o n . T t >  : z =  C a r i t h  oxpr. l !2> >= t a r i t h  e x p r . T 3 >  
E m i t  >= T l , T 2 , T 3  
Normal i n s t r u c t i o n  c h a i n i n g .  
<ari t  h expr. T 1) : : = <kBCm. T 1 > 
No A c t i o n .  
( a r i t h  expt, 'r1> ::= - <tGrm.T2> 
Emit N E G  T l , T 2  
Nocrmal i n s t r u c t i o n  c h a i n i z i g ;  
Car;ith e x p r e T 1 >  ::= taritli expr.329 0 <terrn,T3> 
E r n i t  + TI0T2,T3 
Normal i n s t r u c t . i o n  chaiujcnge  
<arLth e x p r , T 1 >  if= ( a r i t h  expr .T%> - <term.T'3> 
E m i t  - T l , T 2 , T 3  
Normal i n s t r u c t i o n  c h a i n i n g .  
<term e T 1) : : = <f ac tar e T 1 > 
No A c t i o n .  
< term,Tl>  ::= <t 
Emit * T f I T 2 . T 3  
Normal i n s t r u c t i o n  c h a i n i n g ,  
<term,Tl> ::= <term.T2> / < f a c t o k . T S >  
E m i t  / Tl ,T2,T3 
Norna l  i n s t r u c t - i o n  c h a i n i n g .  
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<term.Tl> := <term.TZ> HOD <factor.T3> 
E m i t  MOD T I , T Z , T 3  
Normal i n s t r u c t i o n  c h a i n i n g .  
<factor.Tl> ::= < q u a n t i t y . T l >  
No action. 
< f a c t o r . T l >  f:= FIRST < q u a n t i t y . T 2 >  
E m i t  F I R S T  T1,T2 
Normal instruct ion c h a i n i n g .  
<factor.Tl> ::= LAST < q u a n t i t y . T Z >  
E m i t  LAST T1,T2 
Normal i n s t r u c t i o n  c h a i n i n g .  
<factor .Tl>  ::= ROUND C q u a n t i t y . T 2 >  
E m i t  ROUND T1,T2 
Normal i a s t r u c t i o n  c h a i n i n g .  
(factor. T 1 > : : = FLOOR (quant  it y .  T2> 
E m i t  FLOOR TI ,T2 
Normal i n s t r u c t i o n  c h a i n i n g .  
< f a c t o r . T l >  := C E I L  < q u a n t i t y . T Z >  
E m i t  CEIL T1,T2 
Normal i n s t r u c t i o n  c h a i n i n g .  
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Cfactor,TI> := A D S  < q u a n t i t y . T 2 >  
E m i t  ABS T1,T2 
Normal i n s t r u c t i o n  c h a i n i n g ,  
<factor,T1> := + < q u a n t i t y . T 2 >  
E s i t  SUH T l , T 2  
Normal i n s t r u c t  i o n  chain ing .  
<factor,Tl> ::= * <quantity,T2> 
E m i t  P R O D  T1,T2 
Normal i n s t r u c t i o n  c h a i n i n g .  
<factor.Tl> := A N D  < q u a n t i t y . T 2 >  
E m i t  TAND T l , T 2  
Normal i n s t r u c t i o n  c h a i n i n g .  
< f a c t o r . T l >  := OR < q u a n t i t y , T 2 >  
Emit TOR T l , T 2  
Normal i n s t r u c t i o n  c h a i n i n g .  
<fact  0 1:. H 1 > : : = <nu m be r f5 1 > 
No a c t i o n .  
<factor,Tl> := ( u n l a b e l l e d  t u p l e . T l >  
No a c t i o n .  
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<quant i ty .T l>  ::= <primarp,Tl> 
No action, 
< q u a n t i t y . T l >  ::= <tuple e l e m e n t . T l >  
No act ion,  
< p r i m a r y . f l l >  := <narne.fll> 
No action, 
<ptimary,f l l . f2> ::= @ <name.Plt> e 
The address  M 1  is entered i n t o  a n  i n s t r u c t i o n  
ce l l  and marked "ITERANTfa; t h e  address  of  t h i s  cell 
becomes 12. 
<primary,Tf> ::= O L D  <name,n2> 
Emit OLD T1,112 , 
Normal ins truc t ion  c h a i n i n g .  
<pr irnary ,T l>  := ( f u n c t i o n  call,Tl> 
No a c t i o n .  
<primary.Tl> := [ < e x p r , T l >  1 
No a c t i o n .  
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memoKy cell MI is al 
u e  w i l l  e v e r  b e  a s s i g n e d  t o  t h i s  cell, 
ewer become ready, and no i n s t r u c t i o n  
n d i n g  o n  this cel will ever b e  e x e c u t e d .  
> ;:= T R U E  
~ ~ o c ~ ~ ~  a new memory cel l  M I ,  set its value 
ark it r e a d y  on level  7. 
I >  ::= FALSE 
Le a new ntemory cell MI, set its value 
to 8 ,  and mark it r e a d y  on l e v e l  7 .  
( s i m p l e  tuple.T3> 1 
T 1 ~ ~ 2 ~ T 3  
t r  u c t i o n  c h a i n i n g .  
1) : := (pr imary ,  T2> (subscript .T3> 
,T2,T3 
RS tsuct i on  c h a i n  fng . 
p l e  element.T2> < s u b s c r i p t . T 3 >  
i n s t r u c t i o n  c h a i n i n g ,  
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< s u b s c r i p t . T , l >  : := J <primary,Tl> 
No Action.  
<subscript,Tl> ::= 1 <number.M2> 
E m i t  R O U N D  T 1 ,  I42 
Normal. i n s t r u c t i o n  chaining, 
( u n l a b e l l e d  tuple.Tl> ::= C ( s i m p l e  t u p l e , T l >  > 
No a c t i o n .  
< u n l a b e l l e d  tuple.Tl> ::= < ( t u p l e  specifier,Tl> > 
No action. 
( u n l a b e l l e d  , t u p l e .  HI> : := < > 
Place i n  a n e w l y - a l l o c a t e d  memory cell M I  t h e  
r e p r e s e n t a t i o n  of a n u l l  tuple. Mark t h i s  c e l l  
ready on l e v e l  7 ,  
( s i m p l e  
1. 
2. 
t u p l e , T l >  ::= <expr.T2> 
Allocate three new memory cel ls  Mp. Hr. and Ns, 
p l a c e  the number 0 i n  each of  them, and mark them 
a l l  ready on l e v e l  7 ,  
E m i t  TUPLE Tf8Mp,Hr 
INSERT T2,Tl,MS 
Normal i n s t r u c t i o n  c h a i n i n g .  
~ ~ ~ r n ~ l e  t u p  2> : := ( s i m p l e  t u p l e . T l ,  12) (I < e x p r . T 3 . 1 4 >  
c o n t a i n s  a n  i n s t r u c t i o n  
0 
h e  c o n t e n t  of memory c e l l  Mr. I n c r e m e n t  i t s  
. ent  by o n e ,  I n  addition, a l l o c a t e  a new memory 
ace i n  it a c o n s t a n t  equa l  t o  t h e  
i n c r e m e n t e d  v a l u e  of Mr, and mark it ready on  l e v e l  
Rip e u c t i q n  c h a i n i n g ,  
% i e r , T I >  ::= <num expr .T2> TO <num expr.T3> 
U ace t h e  number 1 in a newly-allocated m e m o r y  
p and m a r k  it ready o n  l e v e l  7. 
T 3 T2 T3 &?Ep 
truc t i o n  c h a i n i n g .  
er.Tf> ::= 6num expr .T2> TO ,(num e x p r . T 3 >  
struckion c h a i n i n g ,  
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APPENDIX B 
DESCRIPTXONS OF M A C H X N E  INSTRUCTIONS 
The 48 i n s t r u c t i o n s  are l i s t e d  a n d  d e s c r i b e d  b e l o u .  
Before any i n s t r u c t i o n  is r e l e a s e d  f o r  e x e c u t i o n ,  a l l  
T - r e f e r e n c e  o p e r a n d s  w i l l  h a v e  b e e n  replaced by M-refsrenses. 
The  r e f e r e n c e  t y p e s  of the o p e r a n d s  m u s t  match those i n  
the i n s t r u c t i o n  d e s c r i p t i o n s  below. 
If, d u r i n g  p r o c e s s i n g  of a n y  i n s t r u c t i o n ,  a processor 
d e t e c t s  a n  a n o i n a l o u s  c o n d i t i o n  (wrong t y p e  ope r3n3 ,  
o v e r f l o w ,  etc.), a l l  o u t p u t  o p e r a n d s  of the i n s t r u c t i o n  a r e  
set t o  the s p e c i a l  value UNDEFINED. I€ a n y  i n s t r u c t i o n  
e n c o u n t e r s  U N D E P I B E D  as a n  i n p u t  o p e r a n d ,  a l l  i ts  o u t p u t  
o p e r a n d s  are set t o  U N D E F I N E D .  
I n  t h e  d e s c r i p t i o n s  below, " i n p u t  cel lssv a r e  Demory 
cells w h i c h  m u s t  be r e a d y  o n  t h e  same level as t h e  
i n s t r u c t i o n ,  or OA a louer level, before  t h e  i n s t r u c t i o n  c a n  
be e x e c u t e d .  l " o u t p u t  cells" a re  memory cells which t h e  
i n s t r u c t i o n  makes t o  be r e a d y  o n  t h e  same level a s  t h e  
i n s t r u c t i o n ,  
Occasionally an i n s t r u c t i o n  w i l l  b e  w r i t t e n  w i t h  some of 
its operands i n  p a r e n t h e s e s ,  T h e s e  o p e r a n d s  are dummy 
o p e r a n d s ,  w h i c h  do n o t  p a r t i c i p a t e  i n  e x e c u t i o n  of t h e  
i n s t r u c t i o n ,  b u t  w h i c h  m u s t  be  r e a d y  before  t h e  i n s t r u c t i o n  
can be e x e c u t e d .  For e x a m p l e ,  t h e  i n s t r u c t i o n  
ASSIGN MI,M2, (M3) 
2 t o  nl as  s o o n  a s  b o t h  M2 and  M3 are 
TE, and REPEAT have more 
nds each. Hence, e a c h  of these i n s t r u c t i o n s  
n s e c u t i v e  cells i n  t h e  I S .  To a l l o c a t e  space 
i o n ,  a processor must allocate two ce l l s  
onceo T o  rea s u c h  an i n s t r u c t i o n ,  two I n s t r u c t i o n  Read 
s are n e e d e d .  However, t h e s e  instructions have 
ds o n l y  amo g' t h e i r  f irsk f o u r  operands. 
be r e a d i n e s s - t e s t  i n g  portions of the R e a d i n e s s  
h e  I n s t r u c t i o n  G e n e r a t e  R o u t i n e  need  only d e a l  
rst ce l l  of t h e  double-cell i n s t r u c t i o n ,  a s  
1 are not  used, Because the  Ready LIST HAS 
ht o p e r a n d s  er i n s t r u c t i o n ,  only a s i n g l a !  
RA) oc Readylist Fetch (RF) r e q u e s t  i s  n e e d e d  
e n g t h  instruction. 
<= 
S UH 
TOBY 
S U R  
IRS 
AST 
F 
ITW 
R E A D  
~ ~ ~ T E  
E X P A N D  
LEXPAND 
CALL 
STARTLOOP 
UPDATE 
REPEAT 
OLD 
NOP 
STEP 
TEST 
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c 
INSTRUCTION DESCRIPTIONS 
3 Ml,H2,M3 where 3 is o n e  of +, -, f ,  /, MOD, A N D ,  O R  
L n p u t  cells: Ir12,M3; O u t p u t  cell: H t  
If E2 a n d  M3 are b o t h  numbers ,  t h e  number  M2 3 M3 is 
p laced  i n  M1. Note t h a t  t h i s  r e s u l t  n e e 9  n o t  be a n  
i n t e g e r  e v e n  i f  M2 a n d  M3 a r e  i n t e g e r s .  
If M2 is a t u p l e  a n d  83 is a number, M 1  is made t o  b e  a 
t u p l e  w i t h  " f i rs t"  a n d  " l a s t "  f i e l d s  e q u a l  to  those of 
112, a n d  l g s t a r t l *  f i e l d  p o i n t i n g  a t  a n e w l y - a l l o c a t e d  
b l o c k  of cells. A new set  of i n s t r u c t i o n s  63 N i , M j , t i 3  
is e m i t t e d  a n d  released f o r  e x e c u t i o n ,  where H j  = each 
e l e m e n t  of 32, a n d  M i  = t h e  c o r r e s p o n d i n g  element of t h e  
n e w l y - a l l o c a t e d  b l o c k .  
If €33 is a t u p l e  a n d  H2 is a number,  M 1  is made t o  b e  3 
t u p l e  w i t h  *@first1* a n d  s l las t f*  fields e q u a l  t o  t h o s e  of 
83, a n d  8"startia f i e l d  p o i n t i n g  a t  a n e v l y - a l l o c a t e d  
block of cells. A new set of i n s t r u c t i o n s  i3 Mi,M2,Mj 
is e m i t t e d  and released for e x e c u t i o n ,  where H j  = each 
e l e m e n t  of H3, a n d  M i  = t h e  c o r r e s p o n d i n g  element of  t h e  
newly-  a l l o c a  ted b l o c k  . 
If M 2  a n d  M3 are b o t h  t u p l e s ,  EIl is made t o  b e  a t u p l e  
with n f i r s t "  a n d  " l a s t "  f i e l d s  e q u a l  t o  t h o s e  of E12 a n d  
M3, a n d  " 'start" f i e l d  p o i n t i n g  to  a n e w l y - a l l o c a t e d  
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,. 
b l o c k  of  cel ls ,  If M 2  and  M 3  d o  not h a v e  i d e n t i c a l  
and m l a s t 8 9  f i e l d s ,  M l  becomes UNDEFINED.) A new 
structions b ~ i , ~ j ~ M k  is emitted a n d  released 
for  e x e c u t i o n ,  w h e r e  H j  and  Mk are c o r r s s p o n d i n g  
l e m e n t s  of M2 and M3, a n d  M i  is the c o r r e s p o n d i n y  
he n e u l y - a l l o c a t e d  b l o c k ,  
% . is one of R O U N D ,  FLOOR, C E L L ,  NEG, ABS, NOT 
: m42; Output cell: 141 
If is a number, t h e  number %(M2) is placc?d in 111. 
is  made t o  b e  a tuple w i t h  ' 1 f i r s t t 8  
i e l d s  e q u a l  t o  t h o s e  of €32, and  ststart i*  field 
g a t  a n e w l y - a l l o c a t e d  b l o c k  of ce l l s .  A n e w  s e t  
r a c k i o n s  % M i , f i j  is emitted a n d  released for  
e x e c u t i o n ,  where M j  = e a c h  element of M2, a n d  M i  = t h e  
correspqnding element of t h e  a e w l y - a l l o c a t e d  b l o c k .  
? 2,113 where ? is one of =, +, >=, <, <= 
3; O u t p u t  cell: P o s s i b l y  M 1  
M3 are both numbers ,  t h e  value of the r e l a t i o n  
T R U E  or FALSE) is p l a c e d  i n  MI.  (Log ica l  v a l u e s  
e %umberq8; TRUE = - 1  and FALSE = 0.) 
- 1 4 1  - 
If o n l y  o n e  of M2 a n d  M3 is a t u p l e ,  t h e  v a l u e  FALSE i s  
p l a c e d  i n  M1, u n l e s s  ? is -= * In t h i s  case, TRUE is 
p l a c e d  in M1. 
If b o t h  8 2  a n d  M3 are  t u p l e s ,  t h e i r  "first" a n d  vl las t t*  
f i e l d s  m u s t  be  i d e n t i c a l ,  or else FALSE is p l a c e d  i n  H1 
( e x c e p t  i f  ? is -.I= , TRUE is p l a c e d  i n  Ml). I f  t h e  f i e l d s  
m a t c h ,  a memory a l loca t ion  r e q u e s t  is made for a c o n n e c t e d  
g r o u p  oE cells e q u a l  t o  t h e  number of elements i n  M2. 
Then the f o l l o w i n g  new i n s t r u c t i o n s  a r e  e m i t t e d  i n t o  
t h e  I S  a n d  r e l e a s e d  for execut ion:  
? Mi,Mj.,Hk w h e r e  M j  a n d  Mk are c o r r e s p o n d i n g  e l e m e n t s  of  
t u p l e s  M2 and M3, a n d  Hi is t h e  c o r r e s p o n d i n g  c e l l  i n  
t h e  n e v l y - a l l o c a t e d  b l o c k .  
ETAND Ml,Mp,Lq w h e r e  Mp is the s t a r t i n g  a d d r e s s  of t h e  
n e w 1 . y - a l l o c a t e d  block, a n d  Lq is t h e  number  of c e l l s  
i n  t h e  block. ( E x c e p t i o n :  i f  ? is - 8  emit 
ETOR Ml,Mp,Lq.) 
It M1,M2 w h e r e  # is one of S U M ,  PROD, T A N D ,  TOR 
I n p u t  cell: Il2; O u t p u t  cell: None. 
If M2 is not a tuple, I41 b e c o m e s  UNDEFINED. O t h e r w i s e ,  
t h e  i n s t r u c t i o n  X Ml,Mp,Lq is e m i t t e d  a n d  r e l e a s e d  f o r  
e x e c u t i o n ,  where Mp  = t h e  8 q s t a r t n *  f i e l d  of H2, 
Lq i s  a d i te ra l  equal to t h e  number of e l e m e n t s  i n  H2, 
a n d  X is ESUN, EPROD, E T A N D ,  or ETOR, d e p e n d i n g  on 
w h e t h e r  P is S U M ,  PROD, T A N D ,  or TOR. 
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c 
3 where .$ s One Of ESUM, E P R U D ,  ETAND, ETOR 
11: M2; O u t p u t  cell: p o s s i b l y  Ill 
s e f i r s t  of a c o n n e c t e d  g r o u p  of ~3 cells 
e t o  b e  combined by t h e  o p e r a t o r  *, *, ANI), 
e a v i n g  t h e  result i n  Ml. 
If E 3  is 0, 0 is placed i n  M1. 
is 1 ,  the c o n t e n t  of 142 is p l a c e d  i n  31. I f  PI2 
ot ready ,  the i n s t r u c t i o n  ASSIGIJ M l , M 2  is 
e l ln i t ted  a n  released for e x e c u t i o n .  
is 2, t h e  c o n t e n t s  o€ M2 and M2t1 are read, 
ombined by t h e  operator +, 8 ,  A N D ,  or OR 
d e p e n d i n g  on t h e  n a t u r e  of $ ) #  and t h e  r e s u l t  is  
e If e i t h e r  of cells 82 o r  M2t1 is not 
a d y ,  t h e  i n s t r u c t i o n  X fll,M2,X2+1 i s  emitted 
n d  released for execution, where X i s  t, *, A N D ,  
epending on t h e  nature of $. 
v o  newly-allocated cells Mp a n d  Mq 
u e s l e d ,  and t h e  f o l l o w i n g  i n s t r u c t i o n s  are 
t t e d  and relea5ed for e x e c u t i o n :  
@ M q  where X is + #  * e  AND, o r  3R, d e p e n l i n g  
23/21 e L3-FLOOR (L3/2) 
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A S S I G N  M 1  ,H2 
I n p u t  cell: M2; O u t p u t  cell :  N l  
The v a l u e  of M2 is p l a c e d  i n  M1. 
TOBY MllM2,M3,M4 
I n p u t  cells: M2,M3,N4; O u t p u t  cells: M 1  a n d  a l l  n z w l y  
a l l o c a t e d  cells .  
M2, M3, a n d  134 m u s t  be n u m b e r s .  A complete tuple i s  
c r e a t e d  i n  memory cell M1, b e g i n n i n g  w i t h  t h e  number  i n  
M2 a n d  c o n t i n u i n g  to t h e  number  i n  M3 by i n c r e m e n t s  of 
M4, T h e  "first", a n d  n s t a r t l *  fields of M 1  are  
f i l l e d  . in ,  a n d  M 1  is m a r k e d  ready.  C e l l s  a r e  
a l l o c a t e d ,  d e f i n e d  a n d  made ready for all e l e m e n t s  of 
the t u p l e ,  
INSERT Ml,M2,M3 
Input cells: Ml,M2,H3; O u t p u t  cell: t h e  n e u l y - d e f i n e d  
e l e m e n t .  
B 2  m u s t  %e a t u p l e .  M3 m u s t  be a number.  M I  is e n t e r e d  
as element M 3  of t h e  t u p l e  M2. Note t h a t  e l e m e n t  f13 
n e e d  n o t  be t h e  M3th e l e m e n t  of t h e  t u p l e  i f  t h e  "f ir s t"  
field of M 2  is n o t  1. 
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32  * M 3  
Is: M 2 , M 3 ;  O u t p u t  c e l l :  4 1  
b e  ~ u m ~ ~ r s ~  The cel l  1 1  is e x a m i n e d ;  i f  
is a l r e a d y  marked ready on t h e  level of the 
Lruction, n o  a c t i o n  is taken. O t h e r w i s e ,  PI1 is 
e a t u p l e ,  The v a l u e  of ?I2 i s  p l a c e d  i n  i t s  
ie ld,  and  t h e  v a l u e  of M3 is p l a c e d  in its 
~ * ~ a s t t ~  Eield, A n '  area o f  free memory c o n t a i n i ~ ~ g  
+ I  cells  is a l l o c a t e d ,  a n d  t h e  " s t a r t * 8  f i e l d  of 
s set to p o i n t  a t  t h e  first cell of t h i s  a rea .  
SUB 
cells:  M2, M3 ; Output  cel l :  Possibly Ill 
be a tuple, an PS3 must b e  a number .  
t M 3  of tuple M2 is r e a d y ,  i t  is  p l a c e d  i n  f l 1 .  
the i n s t r  c t i o n  ASSIGN M1,Mp is emitted 
eleased for e x e c u t i o n ,  w h e r e  M p  is  t h e  address  of 
2; O u t p u t  cell: Hl 
be a t u p l e t  PI1 is made to be a number, a n d  set 
o the l'firstae field of ~ 2 ,  
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LAST M1,M2 
I n p u t  cell: M2; O u t p u t  cell: M 1  
p12 m u s t  b e  a t u p l e .  M l  is made t o  be a number ,  a n d  s e t  
e q u a l  to t h e  8*lastqf  f i e l d  of M2. 
IF Ml,M2,M3,M4 
I n p u t  cells:  M2,M3,M4; O u t p u t  cell: M 1  
M2 m u s t  b e  a number .  
/ If M2 is t r u e  ( n e g a t i v e )  , t h e  v a l u e  of M3 i s  p l a c e d  i n  M1. 
If PI2 is false ( n o n - n e g a t i v e ) ,  t h e  v a l u e  of PI4 is p l a c e d  
i n  Ml. 
MITH Ml,M2,B3,M4 
I n p u t  cells: M2,H3; O u t p u t  cel l :  a 1  
M2 m u s t  -be a t u p l e .  M3 m u s t  be a number  r e p r e s e n t i n g  
a valid s u b s c r i p t  i n  the t u p l e  M2. H l  is made t o  be a 
t u p l e  w i t h  "f irs t"  a n d  " l a s t "  f i e l d s  e q u a l  t o  t h o s e  of 
M2, a n d  glstart@B field p o i n t i n g  t o  a n e u l y - a l l o c 3 t e d  
block of cells, A l l  the f o l l o w i n g  n e u  i n s t r u c t i o n s  
are  e m i t t e d  and r e l e a s e d  for e x e c u t i o n :  
A S S I G N  M i , ? S j  w h e r e  M j  = each e l e m e n t  of t u p l e  M 2  
e x c e p t  e l e m e n t  M3, a n d  a i  = t h e  c o r r a s p o n d i n g  
e l e m e n t  of t h e  n e w l y - a l l o c a t e d  b l a c k .  
ASSIGN Mk,lY14 where  Mk = e l e m e n t  4 3  of the n e w l y -  
al located b l o c k .  
2 
: M2; O u t p u t  cell: 3 1  a n d  possibly other, 
-a l located ce 
a i m  a n  i n t e g e r  v a l u e .  The  i n p u t  medium i s  
, a n d  the i n p u t  q u a n t i t y  a s s o c i a t e d  w i t h  this 
.,is o b t a i n e d ,  a n d  loaded into M1. I f  t h e  i n p u t  
y is a t u p l e  o r  a n e s t e d  t u p l e ,  new memory c e l l s  
ocated a n d  loaded w i t h  t h e  t u p l e  e l e m e n t s  of t h e  
, ~ 2 ;  O u t p u t  cell: None. 
t of cell fll is t r a n s m i t t e d  t o  the o u t p u t  
m, a n d  made t o  be a s s o c i a t e d  w i t h  t h e  i n t e g e r  
in H2, If 1 is a t u p l e ,  all its e l e m e n t  values 
evels of n e s t i n g  are t r a n s m i t t e d ,  w i t h  
o p i a t e  n o t a t i o n s  t o  i n d i c a t e  n e s t i n g .  I f  some 
QE e l ~ ~ @ n ~ s ,  PI3 and M4, of t h e  t u p l e  s t r u c t u r e  
ady, no  v a l u e s  are t r a n s m i t t e d  t o  t h a  
b u t  instead a new i n s t r u c t  i o n  
M Y )  is e m i t t e d ,  h a v i n g  up t o  tu:, 
o n - r e a d y  e l e m e n t s  a s  dummy o p e r a n d s .  
E X P A N D  I1 
No i n p u t  or o u t p u t  cells. 
I 1  is t h e  a d d r e s s  of t h e  first of a l i n k e d  l ist  of 
i n s t r u c t i o n s ,  l i n k e d  t o g e t h e r  by  t h e i r  " s t a t e m e n t  link** 
€ i e l d s .  Among t h e s e  i n s t r u c t i o n s ,  n o t  n e c e s s a r i l y  a t  
t h e  h e a d  of t h e  list, may be some i n s t r u c t i o n s  h a v i n g  
t h e  s p e c i a l  o p c o d e  gaITTERANT" a n d  a n  M - r e f e r e n c e  a s  
f i rs t  o p e r a n d .  T h e s e  M - r e f e r e n c e s  w i l l  be referred t o  
a s  i t e r a n t s .  D u p l i c a t e  i t e r a n t  r e f e r e n c e s  may o c c u r  on 
t h e  l ist ,  a n d  s h o u l d  be i g n o r e d .  T h e  following i s  
done: 
1 .  First,  a l l  i t e r a n t  M - r e f e r e n c e s  are read, I f  a n y  
i t e r a n t  is n o t  r e a d y ,  n o  a c t i o n  is t a k e n  except t h a t  
a n e u  i n s t r u c t i o n  EXPAND 11, ( M x ) ,  (My) ,  (Mz) 2 s  
e m i t t e d  a n d  released f o r  e x e c u t i o n ,  h a v i n g  as dummy 
o p e r a n d s  a l l  t h e  n o n - r e a d y  i t e r a n t s  ( u p  t o  3 ) .  
2. If a l l  i t e r a a t s  are  r e a d y ,  t h e  p r o c e s s o r  c o n s t r u c t s  
an i n t e r n a l  t a b l e  of % p a n s "  h a v i n g  a n  e n t r y  for  
every T - r e f e r e n c e  a p p e a r i n g  i n  t h e  l i n k e d  l ist of 
i n s t r u c t i o n s ,  For e a c h  T - r e f e r e n c e ,  t h e  i t e r a n t s  
(if a n y )  w h i c h  t h a t  T - r e f e r e n c e  s p a n s  are l i s t e d .  
Any o u t p u t  cell of a n  i n s t r u c t i o n  spans a l l  i t e r 3 n t s  
s p a n n e d  by a n y  i n p u t  c e l l  of that i n s t r u c t i o n ,  I n  
a d d i t i o n ,  t h e  f i rs t  o p e r a n d  of a n  I N S E R T  i n s t r u c t i o n  
s p a n s  a l l  i t e r a n t s  s p a n n e d  by t h e  second a n d  t h i r d  
o p e r a n d s  of t h e  INSERT i n s t r u c t i o n .  All o the r  
ererices spas n o t h i n g ,  He w i l l .  s a y  t h a t  a n  
u c t i o n  s p a n s  all i t e r a n t s  w h i c h  are s p a n n e d  b y  
ts o p e r a n d s ,  
mory s p a c e  is a l located t o  t h e  T-references i n  t h e  
ist, Each T - E e f e r e n c e  is a l l o c a t e d  a number 
f cells e q u a l  t o  t h e  p r o d u c t  o f  t h e  numbers of 
elements i n  a l l  t h e  iterant t u p l e s  u h i c h  i t  spans. 
reference fs r e p l a c e d  i n  a1 1 i n s t r u c t i o n s  by 
-reference, I€ a T - r e f e r e n c e  s p a n s  n o t h i n g ,  
o c a t e d  one cel l .  
4. ghout the L i n k e d  list of instructions, each 
rrt i s  r e p l a c e d  by an M - r e f e r e n c e  e q u a l  to its 
~ ~ ~ t a ~ ~ * *  field; t h a t  is, t h e  a d d r e s s  of  i t s  f i r s t  
b i t c a s y  o r d e r i n g  is  d e f i n e d  among a l l  t h e  
ts, w h i c h  ill b e  referred t o  i n  p a r t  6 .  
16. Each i n s t r u c t i o n  is r e p l i c a t e d  as many times a s  t h e  
rodnct  o f  t h e  numbers  of e l e m e n t s  i n  a l l  t h e  
es w h i c h  it spans, Assume a g i v e n  
ction spans N i t e r a n t s ,  a n d  t h e r e  a r e  M i  
L s  in the ith i t e r a n t ,  Each neu c o p y  of t h e  
c t i o n  is a s s o c i a t e d  with a u n i q u e  N-tuple 
ng an element number from 0 t o  Mi-1 for  each 
ed by t h e  i n s t r u c t i o n .  Let t h e  N - t u p l e  
i t h  a given c o p y  b e  ( K l , K 2 , . . . , K n ) .  
a n d  i n  the g i v e n  copy h a s  its address  
i e d  as follows. Assume t h a t  the p a r t i c u l a r  
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o p e r a n d  i n  q u e s t i o n  s p a n s  o n l y  t h o s e  i t e r a n t s  i n  a 
s e t  S. A s s i g n  t o  each i t e r a n t  i n  t h e  se t  S 2 w e i g h t  
e q u a l  t o  the p r o d u c t  of the numbers o f  e l e m e n t s  i n  
a l l  lower-ordered i t e r a n t s  i n  t h e  s e t  S. Let t h e  
we igh t  of t h e  i t h  i t e r a a t  b e  Wi. T h e n  t h e  address 
of t h e  o p e r a n d  i n  q u e s t i o n  is  i n c r e a s e d  b y  the sum 
over a l l  i in S of  Kiwi. O p e r a n d s  w h i c h  s p a n  
nothing h a v e  t h e i r  a d d r e s s  c o p i e d  w i t h o u t  c h a n g e .  
7. All the i n s t r u c t i o n s  generated i n  s t e p  6 are  p l a c e d  
i n  t h e  IS a n d  released for e x e c u t i o n  o n  t h e  same 
level as the o r i g i n a l  EXPAND i n s t r u c t i o n .  
By m e a n s  of t h e  above s t e p s ,  each i n s t r u c t i o n  i n  t h e  
original l i n k e d  list is e x p a n d e d  t o  m u l t i p l e  c o p i e s ,  
a n d  t h e  operands of t h e  n e w l y - g e n e r a t e d  copies are  
a d j u s t e d  t o  s p a n  the space o v e r  w h i c h  i t e r a t i o n  is t o  
OCCUE. 
LEXPAND 17l,H2 
No input or o u t p u t  cells. 
T h i s  i n s t r u c t i o n  b e h a v e s  e x a c t l y  t h e  same as EXPAND 11, 
e x c e p t  t h a t ,  i n  a d d i t i o n  t o  t h e  o t h e r  i n s t r u c t i o n s  
e m i t t e d ,  it emits a t ree  of n e w l y - a l l o c a t e d  NOP 
i n s t r u c t i o n s  v h i c h  d e f i n e  t h e  c e l l  M 2  t o  b e  r e a d y  a s  
s o o n  as a11 t h e  n e u l g - c r e a t e d  i n s t r u c t i o n s  h a v e  
e x e c u t e d .  Plemory cel ls  are a l l o c a t e d  a s  n e e d e d  f o r  
t h e  o p e r a n d s  of t h e  NOP i n s t r u c t i o n s .  All t h e  new NOP 
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oils are r e l e a s e d  for e x e c u t i o n  o n  t h e  same 
1 3;  O u t p u t  ce l l :  None. 
s t h e  a d d r e s s  of t h e  c e l l  i n  nemory  t o  w h i c h  t h e  
value of t h e  f u n c t i o n  is t o  be a s s i g n e d ,  
s t h e  a d d r e s s  of t h e  f u n c t i o n  i n  t h e  I S ,  which 
consists of a list of qrPPARAMETERfl a n d  l t I N T E R N A L "  
- r e f e r e n c e s ,  a 8*RESULT11 T - r e f e r e n c e ,  a n d  some 
i n s t r u c t i o n s  w h i c h  map h a v e  some T - r e f e r e n c e s  
as operands. 
s t h e  address  i n  memory of a t u p l e  c o n t a i n i n g  
he a c t u a l  p a r a m e t e r  values of t h e  f u n c t i o n  
all. 
~ ~ s ~ r u c ~ ~ ~ n s  o n  t h e  list 1 2 ,  e x c e p t  the 
METER" a n d  " R E S U L T 9 *  cells, are  
d over t o  a new p l a c e  i n  the IS. Also c o p i e d  
are lists which r e p r e s e n t  f i r s t  o p e r a n d s  of  
EXPAND i n s t r u c t i o n s ,  or f i r s t ,  s e c o n d ,  o r  
a n d s  of STARTLOOP i n s t r u c t i o n s  on the 
list 12, o r  in t h e  c o p i e d  material t o  a n y  l e v e l s  of 
n ~ ~ ~ ~ n g *  I n  a l l  n e w l y - c o p i e d  i n s t r u c t i o n s ,  o p e r a n 3  
resses are a d j u s t e d  as n e c e s s a r y  t o  p o i n t  t o  the 
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n e w l y - c o p i e d  lists. Also,  t h e  l i n k  f i e l d s  of newly- 
copied i n s t r u c t i o n s  are a d j u s t e d  a s  n e c e s s a r y  t o  
p r e s e r v e  t h e  l i n k e d - l i s t  p r o p e r t i e s  of t 11 e 
n e w l y - c o p i e d  material. T h e  f o l l o w i n g  changes a re  
made t h r o u g h o u t  the newly- c o p i e d  ma te r i a l :  
a. Formal p a r a m e t e r s  are r e p l a c e d  b y  M-references 
to t h e  c o r r e s p o n d i n g  e l e m e n t  of t h e  t u p l e  M3. 
b,  Any r e f e r e n c e s  t o  t h e  resu l t  v a r i a b l e  a r s  
r e p l a c e d  b y  the H-reference M1. 
c. A. u n i q u e  M - r e f e r e n c e  is newly  a l l o c a t e d  f o r  each 
y81NTERNALq@ T - r e f e r e n c e ,  a n d  is  s u b s t i t u t e 3  f o r  
t h i s  T - r e f e r e n c e  t h r o u g h o u t  t h e  n e w l y - c o p i e d  
i n s t r u c t i o n s ,  
2, Each STARTLOOP i n s t r u c t i o n  on  t h e  new c o p y  of the 
list 12 (first l e v e l  o n l y )  h a s  a n e u l y - a l l o c i t e d  
M - r e f e r e n c e  f i l l e d  i n  a s  i t s  f o u r t h  o p e r a n d ,  a n d  
r e c e i v e s  a s  a f i f t h  o p e r a n d  a l i t e r a l  e q u a l  t o  o n e  
more t h a n  t h e  l e v e l  of the CALL i n s t r u c t i o n .  
3, E v e r y  i n s t r u c t i o n  i n  t h e  new c o p y  of t h e  l ist 12 
first l e v e l  o n l y )  is re leased  f o r  e x e c u t i o n  on t h s  
same l e v e l  a s  t h e  C A L L  i n s t r u c t i o n .  Note t h a t  
i n s t r u c t i o n s  w h i c h  are p o i n t e d  t o  by f i r s t - l e v e l  
i n s t r u c t i o p s  a r e  c o p i e d  o v e r  b u t  n o t  relessed for 
e x e c u t i o n .  
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De 
n n i n g  of a l i n k e d  list of LEXPAND (or  
~~~~~~ and STARTLOOP i n s t r u c t i o n s  w h i c h  p o i n t  
o all code f o r  t h e  loop ,  The code c o n t 3 i n s  
ces f o r  all v a r i a b l e s  w h i c h  h a v e  names ,  
T-references for all o t h e r ,  
o w p i l e r - g e n e r a t e d  v a r i a b l e s .  E a c h  LEXPAND 
is m i s s i n g  i t s  second opecan3, a n d  
RTLQOP i n s t r u c t i o n  is m i s s i n g  i ts  f o u r t h  
and f i f t h  o p e r a n d s .  
b e g i n n i n g  of t h e  u p d a t e  list f o r  t h e  130~. 
his list may c o n t a i n  any of the f o l l o w i n g  t y p e s  
-0 f 
a. 
e 
e 
r e f e r e n c e s :  
' ~ ~ ~ U ~ L E 1 ~ ~  M-ref@reACeS u h i c h  a r e  
zed i n  t h e  loop. 
-references u h i c h  were a l l o c i t e d  
v a r i a b l e s  and w h i c h  are  a s s i g n e d  
v a l u e s  i n s i d e  t h e  loop, except  t h o s i  
a be 11 ed DO U BL E w , 
a l i z i n g  loop v a r i a b l e s ,  w h i c h  must be 
marked n o t  r e a d y  ,each time t h e  l o o p  is 
rr: I - r e f e r e n c e s  w h i c h  p o i n t  t o  t h e  
p d a t e  lists of n e s t e d  l o o p s ,  
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I3 is t h e  b e g i n n i n g  of a l i n k e d  list of i n s t r u c t i o n s  
h a v i n g  n o  u n a l l o c a t e d  ( T - r e f e r e n c e )  o p e r a n d s ,  
T h e  i n s t r u c t i o n s  i n i t i a l i z e  t h e  i n d e x  v a r i a b l e  
(if a n y )  a n d  a l l  v a r i a b l e s  i n  t h e  INITIAL 
s t a t e m e n t ,  t h e n  t e s t  t h e  c o n t i n u a t i o n  c o n d i t i o n  
a n d ,  i f  it p a s s e s ,  i s s u e  a n  UPDATE o r  REPEAT 
i n s t r u c t i o p  for t h e  loop, 
M U  is a memory cel l  w h i c h  is t o  b e  d e f i n e d  when a l l  
loop i t e r a t i o n s  a r e  c o m p l e t e .  
L5 is a l i t e r a l  e q u a l  t o  t h e  l e x i c  l e v e l  of t h e  loop. 
Note: S i n c e  STARTLOOP h a s  f i v e  o p e r a n d s ,  i t  
o c c u p i e s  two c o n s e c u t i v e  c e l l s  i n  t h e  IS .  
A c t i o n :  
1. 
2. 
3.  
4. 
Each  STARTLOOP i n s t r u c t i o n  a p p e a r i n g  on list I1 
has i ts  f i f t h  o p e r a n d  s e t  t o  L 5 + 1  ( i f  i t  does  
n o t  e q u a l  t h i s  a l r e a d y ) .  
C h a n g e  t h e  o p c o d e  of a11 EXPAND i n s t r u c t i o n s  on  
t h e  list I1 t o  LEXPAND. T h e  s e c o n d  o p e r a n d  of 
t h e s e  i n s t r u c t i o n s  w i l l  b e  f i l l e d  i n  l a t e r .  
A 1 1  88DOUBLE1q a n d  "STARTLOOP" P I - r e f e r e n c e s  
a p p e a r i n g  on list I 2  are marked n o t  r e a d y  o n  
l e v e l  L5. 
A new copy is wade of a l l  i n s t r u c t i o n s  o n  t h e  
list 13, a n d  a l l  t h e  newly c o p i e d  i n s t r u c t i o n s  
are released for e x e c u t i o n  o n  l e v e l  L5. T h e  
UPDATE or REPEAT i n s t r u c t i o n  o n  the list I 3  h a s  
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l e d  i n  a s  the f o u r t h  o p e r a n d  a n d  L5 a s  t h e  
i f t h  o p e r a n d  oE its new c o p y  ( n o t  o f  t h e  
I M3 , ti4  , L5* €36, PI7 M8 
1:: M3; O u t p u t  cell: p o s s i b l y  M4, 
~ @ ~ i n ~ t i  ons: 
s the b e g i n n i n g  of a l i n k e d  list of LEXPAND an3  
RTLOOP i n s t r u c t i o n s  w h i c h  p o i n t  t o  a l l  c o d e  
oop. T h e  c o d e  c o n t a i n s  M-raferences 
a l l  v a r i a b l e s  w h i c h  h a v e  names ,  arid 
T - r e f e r e n c e s  f o r  a l l  other, c o m p i l e r - g e n e r a  te3 
v a r i a b l e s .  E a c h  LEXPAND i n s t r u c t i o n  is  m i s s i n g  
s second o p e r a n d ,  a n d  e a c h  STARTLDOP 
u c t i o g  is m i s s i n g  its f o u r t h  o p e r s n d .  
is the b e g i n n i n g  of the u p d a t e  l i s t  for the l o o p ,  
ist may c o n t a i n  any of the f o l l o w i n g  t y p e s  
of references: 
' * ~ O U ~ ~ E ~ ~ ~  H-references w h i c h  a re  
L i z e d  i n  the loop. 
e '#LO c R L '# 2 - r e f e r e n c e s  w h i c h  were a l l o c a t e d  
amed v a r i a b l e s  and  w h i c h  a r e  a s s i g n e 3 .  
alues i n s i d e  t h e  loop ,  except those 
la b e l l  ed l+DOUBLEeg 
- r e f e r e n c e s  u s e d  i n  
i t i a l i z i n g  loap v a r i a b l e s ,  w h i c h  must be 
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marked n o t  r e a d y  e a c h  time t h e  l o o p  is  
ca l led .  
d e  q*NESTEDn: I - r e f e r e n c e s  w h i c h  p o i n t  t o  t h e  
u p d a t e  lists of n e s t e d  loops. 
M3 is a t r i g g e r  c e l l  w h i c h  s t a r t s  t h e  UPDATE. I f  Pi3 
becomes TRUE, t h e  l oop  s h o u l d  b e  r e p e a t e d .  If 
F93 becomes FALSE, t h e  loop s h o u l d  be t e r m i n a t e d .  
M 4  is a memory ce l l  w h i c h  i s  t o  be d e f i n e d  when a l l  
loop i t e r a t i o n s  a r e  c o m p l e t e .  
L5 is a l i t e r a l  e q u a l  t o  t h e  l e x i c  l e v e l  of t h e  l o o p .  
M6 is the i n d e x  v a r i a b l e  of the l o o p .  
M3 is t h e  loop i n c r e m e n t .  
M8 i s  t h e  u p p e r  l i m i t  for t h e  l o ~ p  i n 3 e x  v a r i a b l e .  
Note: S i n c e  UPDATE h a s  8 o p e r a n d s ,  i t  o c c u p i e s  two  
c o n s e c u t i v e  c e l l s  in t h e  IS. 
Action: 
1. I f  M3 is TRUE, t h e  f o l l o w i n g  is  d o n e :  
a. For e v e r y  "DOUBLEfa M - r e f e r e n c e  Hi i n  t h e  
list 12, t h e  v a l u e  i n  M i  is p l a c e d  i n  t h e  
c e l l  p o i n t e d  t o  by t h e  r ro ld"  f i e l d  of M i ,  
a n d  t h i s  n e w l y - f i l l e d  cell is marked ready 
on l e v e l  L5, 
b. All "'LOCAL** a n d  "DOUBLE" M - r e f e r e n c e s  on t h e  
list 12, a n d  on< a l l  n e s t e d  u p d a t e  l ists  t o  
a r b i t r a r y  l e v e l s ,  a re  m a r k e d  n o t  r e a d y  on 
level LS. 
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c 
C* ew copy is made of a l l  STARTLOOP a n d  
L E ~ ~ ~ ~ ~ D  i n s t r u c t i o n s  in t h e  l i s t  11, In 
d i t i o n ,  new c o p i e s  ace made of  all l i n k e d  
ists appearing a s  first '  o p e r a n d s  o f  t h e s e  
L E ~ P ~ ~ ? D  i n s t r u c t i o n s ,  a n d  the LEXPAND 
operand  r e f e r e n c e s  are a d j u s t e d  t o  point t o  
the new lists. Each new c o p y  o f  a L E X P A N D  
i n s t r u c t i o n  receives a n e w l y - a l l o c a t e d  s e l l  
j a s  its s e c o n d  o p e r a n d .  Each  new copy of 
a STARTLOOP i n s t r u c t i o n  r e c e i v e s  1 
l y - a l l o c a t e d  cell Mk as its f o a r t h  
apesand- A l l  t h e  new STARTLOOP a n d  LEXPAND 
i n s t r u c t i o n s  are released for execution on 
ewe1 L5. 
e L e t  Hj be the se t  of newly-a l facatod s e c o n 4  
o p e r a n d s  of n e w l y - c o p i e d  LEXPAND 
i n s t r u c t i o n s ,  Let Mk be t h e  s e t  of n e u l y -  
a l loca ted  f o u r t h  o p e r a n d s  o f  n e w l y - c o p i e d  
STARTLOOP i n s t r u c t i o n s .  E m i t  a t r ee  of NOP 
n s t r u c t i o n s  w h i c h  d e f i n e s  some new c e l l  Mu 
hen all cells M j  a n d  Elk a r e  ready. Relsase 
all t h e  NOP i n s t r u c t i o n s  for e x e c u t i o n  o n  
E m i t  a l l  t h e  f o l l l o u i n g  i n s t r u c t i o n s  and  
release them for e x e c u t i o n  on l e v e l  L5: 
M I M6,  M8, Mv 
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* 
UPDATE f l , f 2 , M ~  M4, L 5 ,  M6, M7,38 
where M v  a n d  t'lw are  n e w l y - a l l o c a t e d  c e l l s ,  
2. If M2 is F A L S E ,  t h e  f o l l o w i n g  is done :  
a. All "DOUBLE" a n d  wLOCAL" H - r e f e r e n c e s  o n  t h e  
u p d a t e  list I2 a n d  o n  all nested u p d a t e  lists 
are marked ready on level L5-1. 
rb. M4 is made TRUE and r e a d y  o n  l eve l  L5-1. 
REPEAT f 1 , I2,M 3 ,  ff 4, L5 , I6 
I n p u t  cell: M3; O u t p u t  cell: possibly M4. 
Def i n i t i p n s :  
I1 is the b e g i n n i n g  of a l i n k e d  list of LEXPAND a n d  
STARTLOOP i n s t r u c t i o n s  u h i c h .  p o i n t  t o  all code 
for t h e  loop. The code c o n t a i n s  t l - r e f e r e n c e s  
for a l l  v a r i a b l e s  w h i c h  have names ,  a n d  
T - r e f e r e n c e s  for  a l l  o t h e r ,  c o m p i l e r - g e n e r 3  tejl 
v a r i a b l e s ,  E a c h  LEXPAND i n s t r u c t i o n  is m i s s i n g  
its s e c o n d  o p e r a n d ,  a n d  e a c h  STARTLOOP 
i n s t r u c t i o n  is m i s s i n g  its f o u r t h  o p e r a n d .  
I2 is the beginning of the u p d a t e  list f o r  t h e  l o o p .  
This list may c o n t a i n  a n y  of t h e  f o l l o w i n g  t y p e s  
,of r e f e r e n c e s :  
a. ttDOUBLEy@: &+-references w h i c h  are 
INITIALized  i n ,  t h e  l o o p .  
b, t9LOCAL11: M - r e f e r e n c e s  w h i c h  wer9 a l l o c a t e d  
t o  named v a r i a b l e s  a n d  w h i c h  are a s s i g n e d  
values i n s i d e  t h e  loop, e x c e p t  t h o s e  
l a b e l l  e d  "DO UBLE4' 
-references u s e d  i n  
oop variables, w h i c h  m u s t  be  
no t  ready each time t h e  l o o p  i s  
~ ' ~ ~ S T ~ D ~ ~ ~  I - r e f e r e n c e s  u h i c h  p o i n t  to the 
date lists of n e s t e d  loops. 
ger c e l l  which starts t h e  R E P E A T .  If 113 
mes TRUEI t h e  loop s h o u l d  be r e p e a t e d .  If 
ecornes FALSE, the loop should be t e r m i n a t e d .  
4 is a memory cell w h i c h  i s  t o  be d e f i n e d  when a l l  
oop i t e r a t i o n s  are c o m p l e t e .  
teral e q u a l  to t h e  l ex ic  level of  t h e  l o o p .  
X6 is t h e  b e g i n n i n g  of a l i n k e d  l ist of i n s t r u c t i o n s  
hieh evaluate the c o n t i n u a t i o n  c o n d i t i o n  a n d  
e r e s u l t  i n  t h e  T- or M-reference w h i c h  
is t h e  fi o p e r a n d  o f  t h e  first  i n s t r u c t i o n  of 
kit. T h e  i n s t r u c t i o n s  c o n t a i n  M - r e f e r e n c e s  
or ab1 variables w h i c h  have names ,  and 
~ ~ ~ ~ ~ ~ ~ e n c e s  f o r  o t h e r ,  compiler-gener3 tei 
stez S i n c e  REPE has six o p e r a n d s ,  i t  o c c u p i e s  
wo c o n s e e u t i  1s i n  t h e  IS. 
Act i o  11 : 
1. I f  M3 is  TRDE, t h e  f o l l o w i n g  is d o n e :  
a. 
b o  
C. 
d. 
For e v e r y  '@DDOUBLE'@ M - r e f e r e n c e  R i  i n  t h e  
list 12 ,  t h e  v a l u e  i n  M i  is p l a c e d  i n  t h e  
cell p o i n t e d  t o  b y  t h e  "old" f i e l d  of M i ,  
a n d  t h i s  n e w l y - f i l l e d  cell is marked r e a d y  
o n  l e v e l  L5. 
A l l  *tLOCAL'l and i8DDOUBLE" M-references on t h e  
list 1 2 ,  a n d  on a l l  nested u p d a t e  lists t o  
a r b i t r a r y  l e v e l s ,  are marked n o t  r e a d y  on 
l e v e l  L S .  
A new c o p y  is made of  a l l  S T A R T L O O P  a n d  
LEXPAND i n s t r u c t i o n s  i n  t h e  l i s t  11 ,  I n  
a d d i t i o n ,  new copies a r e  made of a l l  l i n k e d  
lists a p p e a r i n g  a s  f i r s t  o p e r a n d s  of these 
LEXPAND i n s t r u c t i o n s ,  a n d  the LEXPAND 
o p e r a n d  r e f e r e n c e s  are a d j u s t e d  t o  p o i n t  t o  
the n e u  lists. E a c h  new c o p y  of  a LEXPAND 
i n s t r u c t i o n  r e c e i v e s  a n e w l y - a l l o c a t e d  cell 
Mj as  its s e c o n d  o p e r a n d .  E a c h  new c o p y  of 
a S T A R T L O O P  i n s t r u c t i o n  r e c e i v e s  a 
n e w l y - a l l o c a t e d  cell Mk as its fourth 
o p e r a n d ,  A l l  t h e  new S T A R T L O O P  a n d  LEXPAND 
i n s t r u c t i o n s  are released for e x e c u t i o n  o n  
l e v e l  L5. 
L e t  a j  b e  t h e  s e t  of n e w l y - a l l 3 c a t e d  second 
ope r a 11 ds o f n e  w 1 y- co  p i ed L E X P A N D 
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n s t r u c t i o n s -  Let k b e  t h e  s e t  of n e w l y -  
a l l o c a t e d  f o  t h  o p e r a n d s  of newly-copied 
u c t i o n s ,  Emit a tree of N O P  
s w h i c h  d e f i n e s  some new c e l l  flu 
a l l  ce l l s  M j  a n d  Mk are ready. Release 
NOP i n s t r u c t i o n s  for e x e c u t i o n  on 
l e v e l  LS, 
ake a neu  c o p y  of a l l  i n s t r u c t i o n s  on  t h 3  
16, Al locate  a new M-reference for  
ery T - r e f e r e n c e  appearing  on t h e  list 16 
ace each T - r e f e r e n c e  w i t h  its 
ocated M - r e f e r e n c e  i n  t h e  new c ~ p y .  
Release a11 t h e  n e w l y - c o p i e d  i n s t r u c t i o n s  
fos execut o n  on l e v e l  L5. 
f ,  E l n i t  t h e  following i n s t r u c t i o n s  and r e l o a s e  
them for e x e c u t i o n  o n  l e v e l  L5: 
i s  i h e  M - r e f e r e n c e  a l l o c a t e d  i n  
or t h e  first o p e r a n d  o f  t .he  f i r s t  
i n s t r u e t i o n  of t h e  list 1 6 ,  and  Mw i s  3 
f o l l o w i n g  i s  done:  
a n d  "L0CALI1 M - r e f e r e n c e s  on t h e  
ist IC2 and all n e s t e d  u p d a t e  Lists 
r e a d y  on level L5- 1 m 
0 d r e a d y  on l eve l  LS-1.  
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O L D  Ml,M2 
I n p u t  cells: none; O u t p u t  cell: possibly M I  
The ce l l  M2 is e x a m i n e d  t o  f i n d  t h e  add res s  Mp i n  its 
"OLD" field, If memory ce l l  Mp is ready, its v a l u e  is 
p l a c e d  in M1. I f  n o t ,  t h e  i n s t r u c t i o n  ASSIGN i31,I.r~ 
is e m i t t e d  a n d  released f o r  e x e c u t i o n .  
NOP Ml,M2,M3,M4 
I n p u t  cells: M2,M3,M4;  O u t p u t  cell: M 1  
M1 is d e f i n e d  t o  be r e a d y  a n d  t r u e  when a l l  of 
M2,M3,M4 are ready. 
STEP Ml,K2,M3,M4 
I n p u t  cells: Ml,Pl2,PI3; O u t p u t  cells: Ml,M4 
T h e  c o g t e n t  of PI2 is added t o  the c o n t e n t  of M 1  a n d  t h e  
r e s u l t  is left i n  M l ,  M3 is a dummy w h i c h  t r i g g e r s  the 
s t e p .  M U  is se t  to t h e  same v a l u e  as  M2 a f t e r  t h e  s tep  
is c o m p l e t e .  d 4  s e r v e s  as a dummy v a r i a b l e  t o  trigger 
o t h e r  i n s t r u c t i o n s .  
TEST Ml,H2,i3,f i4  
I n p u t  cells: M2,M3,M4; O u t p u t  cell: Ml 
If M4 >= 0, t h i s  i n s t r u c t i o ' n  b e h a v e s  like <= Ml,K2,PI3.  
If Pl4 < 0 ,  t h i s  i n s t r u c t i o n  b e h a v e s  l i k e  >= t l l ,M2,33 .  
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APPENDIX C 
STEH/36 0 BATRIX MULTIPLICATION P R O G R A Y  
owing program, u r i t t e n  i n  IRM system/36O 
Language t 2 3 )  (251,  m u l t i p l i e s  together two square 
ces- The operand matrices are assumed t o  b e  
ow-major order in t h e  storage areas l a b e l l e 3  A 
p r o d u c t  u a t r i x  is left in row-major order in t h e  
elled C. To convert t h e  program t~ 
X N matrices, it is necessary  o n l y  to 
storage areas A, 3, and C to accommofiate 
ds each, and t o  change the constant N U  t o  
L CONTAXIN 4 * N 
 AI^ 4 * I 
~ O N T A I ~  4 * J 
ILL C O N T A I N  4 * K 
L CONTAIN 4 
DS 4F 
B DS 4F 
c DS 4 
N U  De F"80 
- 163 - 
LA 1284 PUT 4 EN R 1 2  
L 08N4 - P U T  4+N I N  R O  
LR 1 , 1 2  SET 1=7 ($*1=4) 
I L O O P  LR 2 , 1 2  SET J=1 ( U * J = 4 )  
JLOOP LR 
M R  
B R  
SR 
LR 
KLOOP LR 
M R  
AR 
LB 
MR 
AR 
LE 
ME 
A E-R 
AR 
CB 
BC 
ST 
AR 
CB 
BC 
A R  
CR 
R5 NOW CONTAINS DISPLACEMENT ( I ,  J )  
ZERO R10 
SET K = l  (4*K=4) 
37 NOW CONTAINS DISPLACEi'IENT ( I ,  K) 
R9 NOW CONTAINS DISPLACEMENT ( K , J )  
LOAD A ( I , K )  INTO R 1 1  
MULT?PLY A ( 1 8 K )  * B ( R . 3 )  
ADD PRODUCT TO R10 
INCREMENT K 
K <= N e  
GO TO KLOOP 
STORE 810 I N T O  C ( I , J )  
INCREMENT J 
I F  4 <= N, 
GO TO JLOOP 
INCRERENT I 
IF I <= N, 
BC i 8 x ~ o 0 p  GO TO I L O O P  
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A P P E N D I X  D 
PLE M A T R I X  AULTIPLICATION PROGRAM 
ing SAMPLE program m u l t i p l i e s  together two 
and B and  leaves t h e  p r o d u c t  matrix i n  C. 
is applicable w i t h o u t  modification t o  square 
any s i ze .  
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$3. A B S T R A C T  
This  t h e s i s  descr ibes  a high-level  computer programming language, 
c a l l e d  SAMPLE, and a p a r a l l e l  processing system t o  implement t h e  language. 
SAMPLF belongs t o  t h e  class of single-assignment languages, which have t h e  
property t h a t  s ta tements  a r e  not necessa r i ly  executed i n  t h e i r  order  of appear- 
ance  i n  t h e  program; r a the r ,  each statement i s  t r igge red  by t h e  readiness  of 
t h e  da ta  on which i t  depends. Because of t h i s  property, single-assignment 
languages are w e l l  adapted f o r  p a r a l l e l  processing. 
Rules are given for compiling SAMPLZ programs i n t o  machine-level 
i n s t ruc t ions ,  and a machine organiza t ion  i s  described t o  execute the  r e s u l t i n g  
code. 
each with i t s  own independent i n s t r u c t i o n  stream. 
degradat ion are i n t r i n s i c  p rope r t i e s  of t h e  system organizat ion.  
During execution of a program, many processors  are a c t i v e  simultaneously, 
Expandabili ty and gracefu l  
Some experiments are descr ibed which s imulate  t h e  behavior of t he  
proposed system and compare i t  with a conventional,  single-processor system. 
I t  i s  concluded t h a t  t h e  proposed sys t em o f f e r s  a speed advantage over a 
conventional system, a t  t h e  expense of increased processor c o s t s  and memory 
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